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ABSTRACT 
Pipelines are reliable and economical means of transporting water, oil, gas, sewage and other 
fluids. They are generally referred to as lifelines since they play a pivotal role in running a 
nation’s industries, services, and economy. Thus, it is essential that they remain operational at 
all times. Pipeline systems are located over large geographical regions and they are generally 
buried below ground for safety, economic, environmental and aesthetic reasons. As a result, 
they are exposed to a wide variety of soil profiles and hazards caused by earthquakes.  
Past earthquake-related pipeline damage highlighted the vulnerability of buried pipelines to 
Permanent Ground Deformations (PGD) caused by earthquakes. Different types of pipeline 
failure modes such as joint failure, tension failure, beam buckling, and local buckling failure 
have been observed in past earthquakes. Recent earthquakes showed that unsatisfactory 
performance of buried pipelines is still observed. As a result, further research is required in this 
subject. This thesis aims to study the response of buried continuous pipelines to faulting through 
physical model tests and numerical analysis. 
In this Ph.D. research, relevant scaling laws and non-dimensional groups for buried continuous 
pipelines crossing active faults are derived by using Buckingham-π theorem and governing 
differential equations. The physical meaning of these non-dimensional groups and their 
practical ranges are presented. A new physical model test setup of buried continuous pipelines 
crossing strike-slip faults was developed considering the non-dimensional groups and scaling 
laws. The working principle of the test setup and sensors used in the tests are also presented. 
Furthermore, a simple and scalable end connector for physical modeling based on the equivalent 
end springs approach in numerical modeling is proposed. The performance of the proposed end 
connector is assessed via physical model tests and numerical analysis. In addition, a new 
mitigation technique – using tyre derived aggregate (TDA) as backfill material at the vicinity 
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of fault crossings- is proposed. The performance of the proposed mitigation method is assessed 
through physical model tests. The effects of trench shapes, trench dimensions and tyre-chip 
content in the backfill on pipeline performance are also investigated. Finally, three-dimensional 
(3D) Finite Element (FE) models of buried continuous pipelines crossing active faults are 
developed and these models are validated through case studies, experimental studies and 
analytical methods. By using the calibrated 3D FE models, a parametric study is carried out to 
investigate the effects of different pipe end conditions on the behaviour of buried continuous 
pipelines crossing strike-slip faults and to investigate the effects of non-dimensional groups on 
pipeline response to strike-slip faulting. 
The research study shows that the newly developed experiment setup is a reliable tool to capture 
the behaviour of buried continuous pipelines crossing strike-slip faults and to investigate the 
physics behind the soil-pipe interaction problem under faulting. Furthermore, the proposed end 
connector is capable of simulating pipe end conditions more realistically compared to 
conventional pipe end conditions used in earlier experimental studies. Finally, the proposed 
mitigation technique –using TDA as backfill material at the vicinity of fault crossings- is an 
effective way of protection that reduces peak bending and axial strains within the buried 
continuous pipelines crossing active faults.       
 
 
 
 
Keywords: Soil-pipe interaction, active faults, model tests, buried continuous pipelines, 
seismic mitigation technique, pipe end connectors, three-dimensional Finite Element models 
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1. Introduction 
1.1. Historical Background 
Pipelines, which convey water, gas, oil, sewage and other fluids, are referred to as lifelines since 
they play a pivotal role in industries, economies, and societies. Therefore, it is essential that 
they remain operational at all times. Pipeline systems are located over large geographical 
regions and are generally buried below ground for safety, aesthetic, environmental and 
economic reasons; consequently, they are exposed to a wide variety of soil profiles and hazards 
caused by earthquakes. 
Past earthquake-related damage demonstrates just how vulnerable pipelines are. For example, 
substantial damage to pipelines resulted from the 1906 San Francisco Earthquake, the 1933 
Long Beach Earthquake, the 1952 and 1954 Kern County Earthquakes, the 1964 Niigata, the 
1971 San Fernando, the 1979 Imperial Valley, the 1989 Loma Prieta, the 1994 Northridge, the 
1 
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1999 Duzce and 1999 Chi-Chi Earthquakes (O’Rourke and Lane, 1989; O’Rourke and Palmer, 
1996; Tang, 2000).  
Table 1.1. Observed pipeline damage during past earthquakes 
 
1952, 1954 Kern 
County
10 incidents of damage at welded transmission line joints, 2 incidents of leaks due to external pipeline 
corrosion, pit hole leaks from external corrosion, several weld failures (Acetylene and electric welded line) 
Newby (1954), 
Steinbrugge and Moran 
(1954)
2009 Indonesia
Pipe damage due to ground settlement (20-30cm) at water treatment facility, 2300 broken connections, 
leak of transmitting, primary distribution, secondary, tertiary and service pipes
EEFIT (2009)
1964 Niigata
1989 Loma Prieta
1999 Kocaeli 
Hamada and O'Rourke 
(1992)
1994 Northridge
O'Rourke and Palmer 
(1994a,b), EEFIT 
(1994)
Major welded pipes were damaged especially at fault crossings, the water distribution system which was 
made by mostly asbestos and concrete experienced significant damage, buckled steel pipes, many 
wastewater pipeline damage
1990 Luzon, 
Philipines
Damage to buried pipes at junctions or branches between distribution and trunk pipes, excessive shear 
forces due to relative displacement between the pipes and the houses or the ground caused failure at service 
pipe connections to houses and buildings, pipe failure occured mainly in liqufied area
Hamada and O'Rourke 
(1992)
1971 San Fernando
EERI (1999)
Pipeline damage due to lateral spreading and seismic settlement of backfill above natural gas pipeline
Earthquake Pipeline Performance Selected References
1933 Long Beach
500 main line breaks of water, gas, and oil lines, 119 main breaks in Long Beach gas distribution system, 
Welded joint failure in the high pressure distribution system, 46 breaks in the large diameter mains
Wood (1933), Bryant 
(1934), Hoff 1934)
1992 Landers and 
1992 Big Bear
There was no damage to transmission lines EERI (1992)
1987 Whittier 
Narrows
There was no damage to transmission and supply lines Schiff (1988)
1991 Sierra Madre
There was no damage to transmission and supply lines EERI (1991)
1979 Imperial Valley
There was no damage to transmission lines excluding three transmission lines which were crossed by surface 
rupture
1986 North Palm 
Springs
There was no damage or disruption reported EERI (1986)
EERI (2001)
Eguchi and Seligson 
(1994)
Many buckling of buried pipes occurred (Shell buckling), numerous buried pipes damaged by liquefaction 
and particularly liquefaction induced ground displacements, several sewage pipe floated due to liquefaction
Shell buckling of the pipeline around its crossing of San Fernando fault, numerous breaks at welds (Oxy-
acetylene welds), the electric arc weld failure at seven locations within the zone of lateral spread, 3 
compression and 10 tensile ruptures of Line 115, 3 pipeline breaks in the vicinity of the zone of lateral 
spread 
Southern California Gas 
Co. (1973), O'Rourke 
et al. (1992)
Dobry et al. (1992)
Water Supply pipeline damage was extensive in areas of ground failure, 1000 pipeline leaks reported 
system-wide and 3 low pressure systems heavily damaged
2010 Chile
Pipeline damage due to lateral spreading and settlement, tsunami related pipeline damage, pipeline failure 
due to permanent ground deformation
EERI (2010)
2009 Italy
A 700mm high pressure water pipe ruptured due to faulting, buried gas pipe failed due to ground 
movements at Madonna Del Ponte
EEFIT (2009)
24 breaks at oxy-acetylene girth welds, buckling occurred at one location in Line 1001, breaks in oxy-
acetylene welds, several pipeline rupture occurred due to ground cracks, flange leaks occurred at different 
locations, tension failure and compressive wrinkling occurred in Line 120, damage to buried pipelines often 
caused by axial forces triggered by permanent ground deformation over the pipe length 
2008 Wenchuan 
Broken cast iron and PVC water mains, more than 2000 damaged buried water pipes occurred due to 
ground shaking, landslide, fault offset and liquefaction
EERI (2008)
1995 Hyogo-Hen 
Nanbu
More than 60% of damage which was mostly by "pulling-out" occurred in joints, most of leakage occurred 
in joints in water supply network
EEFIT (1995)
2001 Bhuj
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A summary of the pipeline damage that occurred during previous earthquakes is listed and 
summarized in Table 1.1, considering different types of pipeline systems such as gas, oil, water, 
and wastewater. Types of failure include joint failure, beam buckling, tension failure, and local 
(shell) buckling. These pipeline failures in past earthquakes are demonstrated in Figure 1.1.  
 
 
 
 
 
 
 
 
 
Figure 1.1. Photos showing various pipeline damages due to past earthquakes: a) local 
buckling failure (Vazinram and Rasti, 2006), b) joint failure (Flores-Berrones and Liu, 2003), 
c) beam buckling (Hamada and O’Rourke, 1992), d) tension failure 
Pipeline projects are extremely expensive often running into billions of pounds. The repair costs 
can sometimes double or even triple the cost of the project, particularly if the damage is large 
scale as a result of seismic hazard. For example, the largest single pipeline loss in history – the 
destruction of the trans-Ecuadorian pipeline in the 1987 Ecuador earthquake - cost 
approximately $850 million in lost sales and reconstruction. In addition to cost implications, 
there are a number of secondary effects caused by pipeline failures that are not initially 
apparent. For example, leakage from a sewage pipe damaged by an earthquake could spread 
soil and water contamination resulting in illness and epidemics in extreme cases. A gas pipe 
a) b) 
c) d) 
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leakage could also lead to fire risks and health effects. Water pipeline damage causes the most 
dramatic problems for fire emergency services. For example, during the 1906 San Francisco 
earthquake the water mains broke leaving the fire department with limited water resources to 
fight fires (O’Rourke, 2010) (Figure 1.2). Therefore, particular attention on the assessment of 
pipeline performance during and after earthquakes is required in order to mitigate the effects of 
Permanent Ground Deformations (PGDs) caused by earthquakes on buried pipelines. 
 
Figure 1.2. A photo showing flames of the San Francisco fire in the area east of Sansome 
Street; north of Bush Street, west of Embarcadero Street, and south of Jackson Street 
(https://history.army.mil/documents/SFEarthquake/1906Earthquake.htm) 
1.2. Research Gaps 
This research has focused on the performance of buried continuous pipelines crossing active 
faults and the gaps identified in the subject of this topic are as follows: 
1. In most of the reported physical model tests, the pipe end conditions are modeled as 
either rigid (allowing no rotations and translations), semi-rigid (allowing no rotations 
and translations for small fault offsets, allowing no translations for large fault offsets), 
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pinned (allowing no translations), spring ends and free ends (O’Rourke et al., 2003 and 
2005; Ha et al., 2006 and Abdoun et al., 2009, Sim et al., 2012, Moradi et al., 2013, 
Jalali et al., 2016, Demirci et al., 2018). However, rigid, semi-rigid and pin type end 
connections will contribute to the development of extra-axial strain within the pipeline. 
Consequently, model pipelines will be subjected to higher axial strains compared to 
field pipelines. Spring type end connection was used by Ha et al. (2006) and Abdoun et 
al. (2009) to simulate field conditions. However, the stiffness of the springs at the pipe 
ends was not specified and their performance was not reported. This research aims to 
design and construct an innovative end connector that can be used to simulate equivalent 
boundary springs at pipe ends. The end connectors provide more realistic results than 
either pinned, rigid, semi-rigid or free conditions at the end of buried pipelines. The 
performance of the proposed end connector is assessed via physical model tests and 
numerical analysis and guidance for use are discussed.  
2. The mitigation techniques for pipelines crossing PGD zones are grouped into three 
different categories considering the way of protection as reviewed in earlier studies. 
These are a) pipe-soil friction reduction, b) pipe strengthening and c) other techniques. 
Soil-pipe friction reduction techniques include wrapping pipelines with friction 
reducing geotextiles, using pumice as backfill for the trench, trench enlargement, using 
geo-cells and geo-grids between pipelines and the surrounding soil, using geofoam 
instead of using soil backfill over pipelines and placing pipelines within concrete 
culverts without using backfill soil. Wrapping pipelines with composite wraps, 
increasing the wall thickness of pipelines and upgrading the steel grade are pipe 
strengthening techniques. Other mitigation techniques are linking flexible joints 
between adjacent pipe parts at fault crossing zones, using a protective device, placing 
pipelines above the ground and creating a predefined buckling pattern. This research 
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aims to propose a new seismic mitigation technique – tyre derived aggregate (TDA) + 
sand mixture surrounding pipelines- which can be included in the pipe-soil friction 
reduction technique and to assess the performance of the proposed technique through 
physical model tests.   
3. Buried pipelines crossing active faults are considered as a complex soil-structure 
interaction problem. These soil-pipe interaction problems have been analyzed by many 
researchers using static analysis due to the nature of fault loading on the pipe being 
static rather than dynamic. In the analysis, the pipeline is assumed to be moving slowly 
and this assumption negates inertial force development. Consequently, the behavior of 
pipelines crossing faults can be investigated by using static (quasi-static) analysis 
(Robert et al. 2014). ABAQUS/Standard module is capable of carrying out static and 
quasi-static analysis and the module has been mostly used for solving soil-pipeline 
interaction problems in the literature (Vazouras et al. 2010, 2012, 2015). Soil-pipeline 
interaction in a fault crossing zone is a large strain problem and Large Deformation 
Finite Element (LDFE) is necessary. There are several complexities in large 
deformation modelling of soil-pipe interaction problems: a) non-linear material 
behavior of soil and pipe, b) geometric nonlinearity of the pipe, and c) contact between 
soil and pipe. These complexities may lead to convergence problems causing difficulties 
in reaching an ultimate solution in ABAQUS/Standard model. Specially for 
cohesionless soils, numerical difficulties associated with the behaviour of a purely 
frictional soil (without cohesion) at very small confining pressure occurs in the 
ABAQUS/Standard module such as in the case of a gap opening at the soil-pipe 
interface. Consequently, these numerical difficulties lead to convergence problems 
when modelling cohesionless soils by using ABAQUS/Standard module.    
ABAQUS/Explicit module is very powerful to deal with complicated contact problems 
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under large deformations. This research aims to develop a calibrated 3D Finite Element 
model using ABAQUS/Explicit module to predict the behavior of buried continuous 
pipelines crossing active faults.  
1.3. Research Scope and Objectives 
As reviewed in the case studies from past earthquakes, severe pipeline failure is still observed. 
This means that the behavior of pipelines subjected to large PGDs needs to be investigated 
further to improve our understanding and consequently to develop new design guidelines for 
constructing earthquake-resistant pipelines. In the scope of this research, the assessment of the 
performance of onshore buried continuous pipelines crossing strike-slip faults is focused. The 
performance of onshore buried continuous pipelines crossing strike-slip faults is investigated 
both experimentally and numerically.       
Specifically, the objectives of the present study are: 
• To develop and construct a new experiment setup of buried continuous pipelines 
crossing strike-slip faults considering relevant scaling laws, governing non-dimensional 
groups and boundary effects. 
• To develop an innovative end connector for realistically simulating pipe end boundary 
conditions in the field under Permanent Ground Deformations (PGDs) and to assess the 
performance of the proposed end connector through physical model tests and numerical 
analysis. 
• To improve understanding of soil-pipe interaction under strike-slip faulting in the light 
of the experiment results.  
• To propose a new technique to mitigate faulting effects on buried continuous pipelines 
and to assess the performance of the proposed mitigation technique via physical model 
tests. 
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• To create reliable Three Dimensional Finite Element (3D FE) models for simulating 
buried continuous pipelines crossing active faults and to improve understanding of soil-
pipe interaction under strike-slip faulting via numerical analysis.    
1.4. Thesis Organisation 
The thesis consists of eight chapters. The first chapter provides a historical background of 
pipeline failures due to earthquakes and their effects on economies and societies. Finally, the 
research gaps, as well as the research scope and objectives, are given. 
Chapter 2 presents a literature review of soil-pipeline interaction problem under earthquake 
loadings. The pipeline failure modes observed during past earthquakes, the effects of Permanent 
Ground Deformations (PGD) and wave propagation on pipeline response are summarised. 
Analytical, Finite Element (FE) and experimental studies, which are carried out to have a better 
understanding of the behavior of pipelines crossing PGD zones, are provided. The soil-pipeline 
interaction due to PGDs, strain-based design of buried pipelines and mitigation techniques are 
given.  
Chapter 3 presents relevant scaling laws and non-dimensional groups derived via the 
Buckingham π theorem and governing differential equations. The physical meaning of non-
dimensional groups and their practical ranges are presented. The scaling laws and non-
dimensional groups that are used to design the test setup are explained in detail.  
Chapter 4 provides a brief introduction to why we do physical model tests and the experiment 
setups used in earlier studies. The design and construction of newly developed experiment setup 
and end connectors are explained in detail. The instruments such as strain gauges, a load cell, 
cameras, and laser displacement sensors are presented. The methodology behind calibration 
and demo tests, which were carried out to investigate the workability of the experiment setup, 
is explained. The methodology behind the proposed mitigation technique –TDA + sand mixture 
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surrounding pipelines- is also explained. Finally, the methodology of physical model tests (axial 
push out tests) of simulating axial soil-pipe interaction is provided.  
Chapter 5 provides free-field and demo test results. The physical model test results are also 
presented. The performance of the proposed end connector is assessed by using physical model 
tests. Finally, assessment of the performance of the proposed mitigation technique - TDA + 
sand mixture surrounding pipelines- through model tests is also provided. The results of axial-
push tests are presented to have an understanding of axial soil- High-Density Polyethylene 
(HDPE) pipe interaction.  
Chapter 6 presents the aims of numerical analysis of soil-structure interaction problems. 3D FE 
models of buried continuous pipelines crossing active faults are developed either using 
ABAQUS/Standard or ABAQUS/Explicit. The steps for creating a numerical model of buried 
pipelines crossing active faults are presented. The performance of the ABAQUS/Explicit 
module for this soil-structure interaction problem is assessed. The developed 3D FE models are 
validated through case studies, experimental studies and analytical methodologies. 
Chapter 7 provides an assessment of the performance of the proposed end connectors via 3D 
FE analysis. Furthermore, a parametric study is carried out to investigate the effects of non-
dimensional groups on pipeline response to strike-slip faulting. Two different scenarios are 
used: 1) Pipelines are under bending and tension, 2) pipelines are under bending and 
compression. The effects of pipe end boundary conditions on the behaviour of buried 
continuous pipelines crossing strike-slip faults are investigated. Finally, design charts are 
proposed considering performance-based design limits. 
Chapter 8 outlines the conclusion, recommendations and future work of this study. 
Appendix A presents an example of obtaining governing non-dimensional groups for axially 
and laterally loaded piles from governing differential equations. 
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Appendix B presents an example to obtain non-dimensional groups for buried continuous 
pipelines crossing active faults by using the conventional Buckingham-π theorem.  
Appendix C presents a table showing pipeline failure case studies relevant to fault crossing. 
Appendix D presents an example of calculating maximum tensile and compressive strains in 
the model pipelines under strike-slip faulting by using an analytical method proposed in the 
literature. 
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2. Literature Review 
2.1 Introduction 
Over the last four decades since Newmark and Hall (1975) proposed analytical models for 
pipelines crossing faults, considerable research has been carried out to understand failure 
mechanisms of pipelines crossing PGD zones. This improved our understanding pipeline 
response to earthquake-induced PGDs.  
This chapter reviews the literature relevant to the aims and scope of this research study as 
mentioned in Section 1.3. The review includes a definition of continuous and segmented 
pipelines, failure modes for continuous and segmented pipelines, effects of PGDs on pipeline 
performance, effects of wave propagation on pipeline performance, analytical methodologies, 
Finite Element models, experimental studies, performance-based design of continuous 
pipelines and seismic mitigation techniques. The chapter ends with a summary and critical 
review of the current understanding of pipeline behavior under PGDs. 
2 
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2.2 Definition of Continuous and Segmented Pipelines 
A continuous pipeline is referred to as a pipeline with joints holding higher strength and stiffness 
relative to the pipe barrel whereas a segmented pipeline refers to a pipeline with joints holding 
lower strength and stiffness relative to the pipe barrel. Some examples of continuous and 
segmented pipelines are given in Table 2.1. Figure 2.1 demonstrates a schematic sketch of 
cross-section and longitudinal section of a buried pipeline with joints. 
Table 2.1. Examples of Continuous and Segmented Pipelines (IITK-GSDMA, 2007) 
 
 
Figure 2.1. Schematic illustration of cross-section and longitudinal section of a buried 
pipeline 
2.3 Failure Modes for Continuous Pipelines 
The principal failure modes for continuous pipelines are tension failure, local buckling due to 
high axial compression, and beam buckling failure which occurs when a continuous pipeline is 
buried at a shallow depth. (O’Rourke and Liu, 1999).  
2.3.1. Tensile Failure 
Modern steel pipes with arc-welded butt joints are very ductile and they are able to mobilize 
large tensile strain with significant yielding before rupture whilst older steel pipes with welded 
joints, steel pipes with welded slip joints and steel pipes with butt welded joints are not good at 
accommodating large tensile strain before rupture. (O’Rourke and Liu, 1999). Tensile strain in 
Continuous Pipeline Segmented Pipeline
A steel pipeline with welded (butt, 
single lap or double lap welded)
Cast iron pipes with caulked or 
rubber gasket joints,  concrete or 
asbestos pipes with mechanical joints, 
ductile iron pipes with rubber gasket 
joints, etc.) 
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the pipeline can occur due to any of seismic hazards such as faulting, landslide, liquefaction, 
and liquefaction-induced lateral spreading. Figure 2.2a shows a photo of the tensile failure of a 
steel pipeline and Figure 2.2b demonstrates a schematic illustration of the tensile failure of a 
pipeline. 
                                                                                 
 
Figure 2.2. a) The photo of tensile failure of a steel pipeline, b) the schematic illustration of 
the tensile failure of a pipeline  
2.3.2. Local Buckling 
Local buckling or wrinkling in a pipeline arises due to local instability of the pipe wall, caused 
by high axial compressive forces within the pipe. After the initiation of local shell wrinkling, 
all subsequent wave propagation and geometric distortion caused by ground deformation have 
a tendency to concentrate at the wrinkle. (O’Rourke and Liu, 1999). Figure 2.3a demonstrates 
local buckling of steel pipeline crossing active faults in the 1999 Kocaeli Earthquake and Figure 
2.3b illustrates a schematic sketch of local buckling of a pipeline. 
                                                                         
Figure 2.3. a) The photo of local buckling failure of a buried pipeline in the 1999 Kocaeli 
a) b) 
a) b) 
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(Vazinram and Rasti, 2006), b) the schematic sketch of local buckling of a pipeline   
2.3.3. Beam Buckling 
Buried pipelines may be subjected to compression and bending due to Permanent Ground 
Deformations caused by earthquakes such as reverse faults, strike-slip faults, landslides and 
lateral spreading. Beam buckling generally occurs in buried pipelines that are under 
compression and bending when they are buried at shallow depths of about 920 mm (3 feet). It 
can also happen during post-earthquake excavation to relieve compressive strain in the pipes 
(Mc Norgan, 1989). Beam buckling of a buried gas pipe occurring in Niigata City in the 1964 
Niigata Earthquake is illustrated in Figure 2.4a and the schematic illustration of beam buckling 
of a pipeline is demonstrated in Figure 2.4b. 
                                                                                 
 
Figure 2.4. a) The photo of beam buckling of a buried pipeline in the 1964 Niigata 
Earthquake (Hamada and O’Rourke, 1992), b) the schematic illustration of beam buckling of 
a pipeline 
2.4. Failure Modes for Segmented Pipelines 
For segmented pipelines with large diameters and slightly thick walls, distress at the pipe joints 
is the major seismic failure observed. O’Rourke and Ballantyne (1992) described six types of 
failure mechanisms of segmented pipelines, which are illustrated in Figure 2.5. 
a) b) 
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Figure 2.5. Damage mechanism for segmented pipelines (modified from O’Rourke and 
Ballantyne, 1992) 
O’Rourke and Liu (1999) categorized the most common damage mechanisms into three cases: 
axial pull-out, crushing of bell and spigot joints and circumferential failure. Axial pull-out is a 
common failure mechanism in the vicinity of tensile ground strain since the tensile strength of 
the pipe is much bigger than the shear strength of joint caulking materials. Crushing of bell and 
spigot joints is a quite common failure mechanism in concrete pipes in areas of compressive 
ground strain. In areas of ground curvature, circumferential flexural failure has been commonly 
observed for segmented pipes with a small diameter. Figure 2.6 shows various failure modes 
for segmented pipelines in past earthquakes. 
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Figure 2.6. a) Pullout of an AC pipe in the 1999 Izmit Earthquake (Ansal et al., 2008), b) 
axial pullout and breakage of AC pipes in the 1971 San Fernando Earthquake (Reitherman, 
2011), c) pipeline failures due to joint rotation and flexural failure in the 2011 Christchurch 
Earthquake, d) pull-out of joints in the 2011 Tohoku Earthquake (Miyajima, 2012), e) 
crushing of bell and spigot joints in the 2001 Gujarat Earthquake (Eidinger, 2001)  
2.5 Effects of Permanent Ground Deformation (PGD) on Pipeline Performance   
Landslides, liquefaction-induced lateral spreading, faulting, and seismic settlement are major 
forms of permanent ground deformation (PGD). Even though the PGD caused by earthquakes 
a) b) 
c) d) 
e) 
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such as faulting and landslides are limited to small areas within the pipeline network, the 
damage potential is quite high since PGD imposes large deformation on the pipelines.  Tensile 
strain, compressive strain, and bending strain can occur within the pipeline due to PGD imposed 
on them. The types of strain arising within the pipeline for different PGD cases are shown in 
Figure 2.7, 2.8 and 2.9.  
As shown in Figure 2.7, the orientation of pipelines with respect to landslide direction is a 
significant issue which has a fairly significant effect on cross-sectional forces developing within 
the pipeline. In cases where pipelines are placed perpendicular to landslide direction, pipelines 
are subjected mainly to bending. In other cases such as oblique crossing and parallel crossing, 
the pipeline can undergo tension, compression, and bending. In Figure 2.8, buried continuous 
pipeline response to transient displacement at the liquefaction site is shown. Axial and bending 
strains can arise along the pipe due to settlement, transverse movement and axial movement at 
liquefaction site. The effects of various ground rupture patterns such as strike-slip, normal and 
reverse faults are shown in Figure 2.9. For a strike-slip fault event, compression and bending 
occur within the pipeline if the pipe-fault intersection angle (β) is positive; on the other hand 
tension and bending arise within the pipeline for a negative fault crossing angle (Xie et al., 
2011). In the case of normal faulting, a pipeline mainly undergoes tension whereas compressive 
strains mainly occur within the pipeline subjected to reverse faulting (O’Rourke and Bonneau, 
2007).  
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Figure 2.7. Principal effects of landslides on pipelines depending on their orientation 
(modified from O’Rourke, 1998) 
 
Figure 2.8. Schematic of buried pipeline response to transient displacement at a liquefaction 
site (modified from O’Rourke and Pease, 1992)  
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Figure 2.9. Earthquake-induced ground rupture patterns: (a) normal fault, (b) reverse fault, 
and (c) strike-slip fault  
2.6 Effects of Wave Propagation on Pipeline Performance 
Seismic waves can be divided into two groups: body waves and surface waves. Body waves 
include pressure waves (P) and shear waves (S) whilst surface waves are Rayleigh (R) and Love 
(L) waves. Surface waves are originated by the reflection and refraction of body waves at the 
ground surface. P-waves carry less energy than S-waves do; therefore, S-waves tend to cause 
larger ground strains than P-waves. For surface waves, ground motions due to R-waves impose 
much more axial strain on pipelines than ground motions associated with L-waves. Surface 
wave propagation effects on buried pipelines have been focused on in recent years as surface 
waves have more impact on buried pipelines compared to body waves. Surface waves generate 
larger ground strains due to their low phase velocity. According to EN 1998-4, the sites located 
in the vicinity of the epicenter of the earthquake are influenced by body waves whereas surface 
waves tend to affect pipe behavior significantly for sites at a larger distance. Out-of-phase 
a) b) 
c) 
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motions occur when a seismic wave travels along the ground surface. The motions impose both 
axial and bending strains on a buried pipeline due to pipe-soil interaction. 
The pipe axial strain induced in a continuous pipeline due to wave propagation effects has been 
investigated by several researchers (Newmark, 1967; Sakurai and Takahashi, 1969: Shinozuka 
and Koike, 1979; O’Rourke and El Hmadi, 1988). O’Rourke and El Hmadi (1988) suggested a 
formulation to calculate axial pipe strain associated with wave propagation: 
𝜀𝑝=
𝑇𝑢𝐿𝑠
𝐴𝐸
                                                                           (2.1) 
where Ls is separation length (Ls=λ/4), λ is wavelength, Tu=uniform frictional force per unit 
length, A=cross-section area of the pipe and E=elasticity modulus of pipe material. 
The observed failure mechanisms of a continuous pipeline due to wave propagation are local 
buckling or tensile failure at weaker circumferential welds. However, continuous pipeline 
damage risk associated with wave propagation is very low. The failure mechanisms for 
segmented pipelines generally occur at the pipe joints. Axial pull-out at joints is the principal 
failure mode of the segmented pipeline as observed from past earthquakes (O’Rourke and Liu, 
2012). 
2.7. Methods of Analysis 
2.7.1. Analytical Models 
Analytical modeling of buried pipelines crossing PGD zones has become increasingly complex 
over the past four decades. Newmark and Hall (1975) developed simplified analytical methods 
for the pipelines crossing faults which are primarily subjected to tensile strain. They used small 
deflection theory to calculate pipeline elongation and did not consider passive soil resistance in 
their model. Elasto-plastic behavior of pipe material was considered in their work.  
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Kennedy et al. (1977) extended the work by Newmark and Hall by regarding lateral and 
longitudinal interaction effects at the pipe-soil interface and large deflection theory. They 
assumed that the whole pipeline yields in the transition zone (high curvature zone). Thus, their 
assumption is based on that the pipeline behaves like a flexible cable with no flexural resistance 
in this zone. Ramberg-Osgood relationship (1943) was used to obtain the non-linear behavior 
of pipe material (Equation 2.2). A schematic diagram of the buried pipe movement resulting 
from horizontal fault displacement in their work is demonstrated in Figure 2.10. In their 
analytical methodology, the curvature of the pipe was assumed to remain constant throughout 
the zone of relative displacement.  
𝜀 = (
𝜎
𝐸
) [1 + (
𝑛
𝑟 + 1
)(
|𝜎|
𝜎𝑦
)
𝑟
]                                                  (2.2) 
where 𝜀 is longitudinal pipe strain at any point, 𝜎 is longitudinal stress at any point, 𝐸 is 
Young’s modulus of the pipe material, 𝜎𝑦 is yield stress of pipe material, 𝑛 and 𝑟 are Ramberg-
Osgood parameters that are used to model post-yield behaviour of the steel pipe materials and 
these parameters have various values for different steel grades.  
 
Figure 2.10. Schematic diagram of buried pipe movement due to fault motion (modified from 
Kennedy et al., 1977) 
Wang and Yeh (1985) proposed modifications to the closed-form analytical model by 
representing the pipeline-soil system using the theory of beams on elastic foundations. The 
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concept of partition of the pipeline into four segments was first introduced in their model. The 
pipeline segments outside the transition zone (high curvature zone) were analyzed as beams on 
elastic foundation while the two pipeline segments within the transition zone were assumed to 
deform as circular arcs. The flexural rigidity of pipe, the nonlinearity of pipe material were 
taken into consideration by Wang and Yeh (1985). The effects of axial force and bending 
moment interaction were included in their analysis. The analytical model suggested by Wang 
and Yeh (1985) is illustrated in Figure 2.11.  
 
Figure 2.11. The analytical model proposed by Wang and Yeh (1985) 
Another method, using a semi-analytical model to obtain maximum strain in steel pipes crossing 
faults regarding nonlinearity of material and pipe section geometry was proposed by Takada et 
al (2001). They extended earlier analytical methods by considering the large deformation of the 
pipe cross-section. They developed simplified formulations to calculate maximum compressive 
and tensile pipe strains by performing finite element analysis and using Kennedy’s formulation 
to determine the location of the bending point. In their proposed methodology, the first step was 
to find the location of bending point B using Kennedy et al.’s formulation. The first step was 
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followed by the determination of Lcl, which is the distance of the bending point (point B) from 
the fault. The analytical model proposed by Takada et al. (2001) is illustrated in Figure 2.12. 
The beam-shell model was used to determine maximum axial strain in a pipe under the fault 
displacement. As a result of finite element beam-shell analysis, the relationship between pipe 
bending angle (𝜓𝑏) and maximum pipe strain (εmax) was found. Based on finite element analysis 
results, a simplified formula for maximum strain against pipe bending angle was proposed 
regarding crossing angle, fault movement, and pipe type. 
 
Figure 2.12. The analytical model proposed by Takada et al. (2001) 
Existing analytical methodologies were refined by Karamitros et al (2007) to achieve a wider 
range of applications. They used the equation proposed by Kennedy et al. (1977) to quantify 
the effect of axial tension on the pipeline curvature. They utilized the Wang and Yeh model 
(1985), which partitions the pipeline into four segments, with one basic difference: they utilized 
elastic beams in order to analyze the pipeline segments within the transition zone. In their study, 
AA’ and CC’ portions of pipeline were analyzed as beams on an elastic foundation as in the 
analytical methodology proposed by Wang and Yeh (1985). By contrast with Wang and Yeh 
model, elastic beam theory was used to analyze AB and BC in order to obtain maximum 
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bending moment. The geometrical second-order effects were taken into account considering 
the effect of the axial force on the pipeline curvature.  
Non-linear strain and stress distribution on the pipeline cross-section were taken into account 
in their methodology (Figure 2.13). Red sections in the pipeline cross-section demonstrate the 
pipe wall that undergoes yielding. Karamitros et al. (2007) found the total axial force by 
integrating the stresses over the cross-section of the pipe. 
 
Figure 2.13. Elasto-plastic strain distribution on the pipeline cross-section (modified from 
Karamitros et al., 2007) 
Trifonov and Cherniy (2010) developed the analytical method proposed by Karamitros et al. 
(2007) to analyze the response of pipelines crossing normal faults. A new developed analytical 
methodology by Trifonov and Cherniy (2010) brought several modifications to Karamitros et 
al.’s (2007) method: 
• The method takes into account the contribution of pipe bending to the axial elongation 
of the pipe. 
• No symmetry condition about the fault-pipeline intersection (point B) is used to achieve 
different types of fault mechanisms to be analyzed. (Figure 2.14) 
• The axial force is directly taken into account in the equations of motion by using beams 
in bending and tension in the transition zone.  
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Figure 2.14. The pipeline segment in the transition zone (high curvature zone) (Trifonov and 
Cherniy, 2010)  
In their methodology, AA’ and CC’ portions of the pipeline were analyzed as beams on an 
elastic foundation as in earlier analytical methodologies (Wang and Yeh, 1985; Karamitros et 
al., 2007). A beam in bending and tension was used to analyze AB and BC segments of the 
pipeline. As in existing methodologies (Karamitros et al., 2007), axial force at point B was 
calculated based on compatibility requirements.  
Karamitros et al. (2011) extended the analytical methodology of their earlier study for the 
stress-strain analysis of buried steel pipelines crossing strike-slip faults to the case of normal 
faults. Three segments model was used in their model since pipeline deformation is not 
symmetric around the pipe-fault intersection. AA’ and CC’ segments of pipeline are analyzed 
as beams on elastic foundation in order to determine the relationship between the rotation angle 
at point A and B, the bending moment and the shear force.  
Trifonov and Cherniy (2012) presented an analytical model for the stress-strain analysis of 
buried steel pipelines crossing active faults, considering the influence of operational loads such 
as internal pipe pressure and temperature variation on the basis of plane strain plasticity theory. 
Sarvanis and Karamanos (2017) proposed an analytical methodology for the calculation of pipe 
strains due to PGDs. The methodology uses closed-form expressions to calculate maximum 
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pipe strains. An assumed shape function for pipeline deflection suitable for any case of faulting 
where pipelines are subjected to bending and tension (symmetric and no symmetric soil 
resistance) is used to obtain closed-form expressions for the axial and bending strain in the pipe 
wall. An equivalent static model is used to calculate the length of the deformed pipeline shape.  
Table 2.2 summarises the limitations of the analytical methods and their modifications to earlier 
methods.  As viewed in the literature, several analytical methods have been proposed to analyze 
the response of pipelines crossing faults.  
Table 2.2. A review of analytical methods and their limitations 
Analytical and 
Semi-Analytical 
Methods 
Modifications to earlier analytical 
methods 
Limitations 
Newmark and Hall 
(1975) 
- 
1. Only for buried pipelines 
which are primarily subjected 
to tensile strain.  
 
2. The small deflection theory 
was used.  
 
3. Passive soil resistance was 
not considered. 
Kennedy et al. 
(1977) 
1. The work of Newmark and Hall (1975) 
was extended by considering soil-pipe 
interaction in both transverse and 
longitudinal directions.  
 
2. The large deflection theory was used to 
calculate pipeline elongation. 
1. The pipeline was assumed 
as a flexible cable with no 
flexural resistance, leading to 
the overestimation of pipeline 
curvature and bending strain. 
(This assumption is valid for 
the pipeline subjected to large 
fault displacement-the whole 
cross-section of pipe 
undergoes yielding)                   
 
2. Bending strains arising on 
the pipeline in the footwall 
zone were ignored due to the 
consideration of plastic hinge 
at the pipe-fault intersection.                 
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Wang and Yeh 
(1985) 
1. Bending stiffness of the pipeline was 
taken into account.  
 
2. The pipeline was partitioned into four 
distinct segments: two portions in the 
transition zone (circular arcs), the other 
two portions outside this zone (beams on 
elastic foundation).  
The bending strains were 
underestimated due to the 
unfavorable contribution of 
axial forces on the bending 
stiffness of the pipeline. (The 
bending strains were well 
predicted only for very small 
fault displacements-this 
model is unable to consider 
the influence of axial force on 
the bending stiffness of the 
pipeline.)                  
Karamitros et al. 
(2007) 
 
1. Four distinct pipeline segments were 
used as in the work of Wang and Yeh 
(1985) with one basic difference: Elastic 
beams were used to analyze two segments 
in the transition zone so that variation of 
the bending stiffness of pipeline was taken 
into account.  
 
2. The equivalent linear calculation loops 
with the secant Young's modulus of the 
pipeline was adjusted in each loop.  
 
3. Second order effects were taken into 
account by using a simple equation.   
 
4. The elasto-plastic distribution of strains 
and stresses over the pipeline cross-section 
were determined by quantifying the axial-
bending strain interaction.  
1. Symmetry condition was 
used so that only the case of 
the pipeline crossing strike-
slip faults can be analyzed.                                             
 
2. The elongation due to the 
bending was neglected in the 
calculation of axial force.                                                                                                 
Trifonov and 
Cherniy (2010) 
 
1. Non-symmetry condition about the 
pipe-fault intersection point, which is 
capable of analyzing different types of 
fault kinematics, was used.  
 
2. The pipeline was partitioned into four 
segments as in earlier methodologies 
(Wang and Yeh, 1985; Karamitros et al., 
2007). However, beams in bending and 
tension with direct account for the axial 
force were used for the segments in the 
transition zone.  
 
3. The elongation due to pipe bending was 
taken into account.  
Simulating second order 
effects had brought about 
complexity in the system of 
equations that are solved with 
minimization techniques. 
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Karamitros et al. 
(2011) 
 
1. Non-symmetry condition about pipe-
fault intersection point was used to analyze 
the behavior of pipelines crossing normal 
faults.  
 
2. Three pipeline segments were used 
since there was no symmetry about the 
pipe-fault intersection.  
 
3. The response of pipelines crossing 
oblique faults was analyzed by combining 
the work of Karamitros et al. (2007) and 
this method.  
 
4. A modification was proposed for the 
calculation of uniformly distributed load 
on the AB segment (qAB).  
  
The elongation due to the 
bending was neglected in the 
calculation of axial force. 
Trifonov and 
Cherniy (2012) 
The influence of operational loads such as 
internal pipe pressure and temperature 
change was considered on the basis of 
plane strain plasticity theory. (Hoop and 
axial stresses and strains due to internal 
pressure and temperature variation were 
taken into account).  
This methodology is only 
applicable to cases where 
pipelines are under combined 
tension and bending due to 
fault displacements.  
Sarvanis and 
Karamanos (2017) 
An assumed shape function for pipeline 
deformation suitable for no symmetry and 
symmetry soil loading (for any type of 
faults) 
This methodology is only 
valid for cases where the 
pipeline is subjected to 
bending and tension. 
 
Proposed analytical models in the literature are not capable of capturing the response of pipes 
subjected to large compressive strain as they do not consider the effects of local buckling and 
section deformation arising due to compressive strains in pipelines. The analytical models are 
very time-efficient and quite practical for the preliminary design of pipelines subjected to 
faulting. They provide a confidence check for more complex and rigorous analysis results.   
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2.7.2. Numerical Analysis  
2.7.2.1. Why do we do numerical analysis? 
In the last few decades, the numerical analysis approach has become very popular for 
engineering problems, particularly for civil engineering. Numerical modeling is a very useful 
way to simulate a physical problem using computers. The advantage over analytical methods is 
that it can take into account many variations: a) ground profile, b) material and geometric non-
linearities.  A physical problem is converted to a mathematical problem that is expressed by a 
certain set of equations and then these equations are solved considering a suitable set of initial 
and boundary conditions that are valid over limited space and time. There are various numerical 
methods that are being used for civil engineering applications: Finite Element method, Finite 
Difference method, and Discrete Element method. 
2.7.2.2. Finite Element Method (FEM) 
The Finite Element Method (FEM) is a numerical method that is used to solve engineering 
problems. Typical problems modeled by FEM include structural analysis, soil-structure 
interaction problems, heat transfer, and fluid flow. The method subdivides a large problem into 
smaller parts that are called finite elements. These finite elements are modeled by simple 
equations and then they are assembled into a larger system of equations that are able to model 
the entire problem. FEM uses variational methods to convergence a solution by minimizing an 
associated error function. Finite Element based software used by civil engineers are SAP2000, 
ABAQUS, ANSYS, and Plaxis, etc. 
2.7.2.3. Finite Difference Method (FDM) 
Finite Difference Method (FDM) is one of the methods used to solve differential equations and 
these equations are often difficult or impossible to solve using analytical solutions. In other 
words, this method is a numerical method to solve differential equations by approximating them 
with difference equations, in which finite differences approximate the derivatives. Therefore, 
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the Finite Difference Method is a discretization method.  FLAC 2D or FLAC 3D is one of the 
examples of FDM based software commonly used by geotechnical engineers.  
2.7.2.4. Distinct Element Method (DEM) 
A distinct element method (DEM) also called a discrete element method is a numerical method 
that is used to compute the motion and effect of a large number of small particles. The method 
includes rotational degrees of freedom and stateful contact and generally complicated 
geometries. It is now possible to numerically simulate millions of particles in contact with a 
single processor with the development in computing power. DEM is a powerful tool to analyze 
engineering problems in discontinuous and granular materials particularly in rock mechanics, 
soil mechanics, granular flows and powder mechanics. In recent years, the method has been 
expanded into the Extended Discrete Element Method considering thermodynamics and 
coupling to FEM and CFD. One of the Discrete Element based software used by geotechnical 
engineers is PFC2D. 
2.7.2.5. Summary of the Methods 
Numerical analysis via Finite Element, Finite Difference or Discrete Element methods is 
capable of simulating non-linear material behavior, non-linear geometry, and non-linear 
boundary conditions. DEM is based on the fundamental assumption that the material consists 
of discrete and separate particles. Different shapes and properties can be assigned to these 
particles. Specific to geotechnical engineering problems, DEM based software like PFC2D is 
more focused on soil response rather than structural response. For soil-structure interaction 
problems such as pipelines crossing PGD zones, FEM or FDM based software are widely used. 
When earlier numerical studies are reviewed, it can be seen that FE based software such as 
ABAQUS, ANSYS, SAP2000 are utilized to simulate buried pipelines crossing active faults. 
This soil-structure interaction problem is generally considered as a large deformation problem 
since pipelines are subjected to large deformations due to the fault induced large soil 
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displacements.  It is obvious that pipeline material and soil surrounding the pipeline exceed its 
elastic limit and experience plastic deformations under large soil deformations in the vicinity 
of fault crossing zones. Hence, it is very significant to take into account material nonlinearity 
in both soil and pipeline and geometric nonlinearity (second order effects) of the pipeline. 
ABAQUS software is used to model buried continuous pipelines crossing active faults in this 
study since it is capable of simulating all nonlinearities required to be modeled.  
Before starting a design or a parametric study, numerical models must be validated via case 
studies, experimental studies or analytical methodologies. Figure 2.15 summarises the steps 
which are suggested for the pipeline design or performance assessment. 
Finite Element 
Model
Analytical MethodsExperimental Study Case Study
Design Parametric Study
Validation
 
Figure 2.15. A flowchart showing steps for design and parametric study 
2.7.2.6. Finite Element Models 
Finite Element Method (FEM) is one of the most useful tools to explore the response of 
pipelines subjected to PGD, taking into account the non-linear soil, pipe behavior and the 
interaction between soil and pipe. A set of finite element models was used by O’Rourke et al. 
(2003) in their study. The pipe was modeled by using beam elements while the soil was modeled 
by using elasto-plastic springs. The corresponding maximum soil resistances and yield 
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displacements were based on the ASCE Guidelines (1984). The fault offset was simulated by 
moving the base of all the springs placed on one side of the fault. They observed that the results 
of finite element simulations such as axial and bending strains match well with the measured 
strains from centrifuge based modeling in the range where pipe remains elastic. Lim et al. 
(2001) used beam elements to simulate pipe and a series of soil springs to model the interaction 
between the soil and pipe. They developed their model by using FEM based on the beam on 
elastic foundation theory. The slip behavior at the soil-pipe interface was modeled as elasto-
plastic behavior. The relationship between soil stiffness and shear modulus was used to find 
soil-pipeline interaction. They used earlier research results to verify their numerical results and 
applicability of their proposed procedure. Different parameters such as PGD pattern, pipe 
diameter, and pipe thickness were used to perform finite element analysis. They suggested the 
critical magnitude of PGD and the critical length of the lateral spreading zone which cause local 
buckling failure for a steel pipe. 
A modeling technique -hybrid model- was utilized by Takada et al. (2001), Yoshizaki et al. 
(2001), Sakanoue and Yoshizaki (2004) and Karamitros et al. (2007) to simulate a large pipeline 
and bend response to PGD. Shell elements were used for the bend and neighboring parts where 
large localized strain occurs. The shell elements were linked to beam elements with rigid 
elements. The soil-pipeline interaction was simulated with discrete spring elements in the 
longitudinal direction for the beam and in both the longitudinal and circumferential directions 
for the shell elements. Takada et al. (2001) performed finite element analysis for different pipe-
fault conditions in order to obtain the relationship between bent angle and the maximum strain. 
They developed a simplified method for estimating the maximum longitudinal strain in steel 
pipes crossing active faults considering the deformation of the pipe cross-section. This 
methodology can be used for predicting the maximum strains within steel pipelines that are 
subjected to both tension and compression due to fault movements.  Yoshizaki et al. (2001) 
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used a hybrid model in order to simulate large-scale buried pipelines with low-angle elbows. 
They observed that there is very good agreement between numerical results and experimental 
results, confirming that the use of the hybrid model for simulating pipe bents provides good 
results. Sakanoue and Yoshizaki (2004) investigated the effect of lightweight backfill on 
pipeline behavior subjected to PGD by using finite element analysis. They observed that using 
lightweight backfill resulted in a significant reduction in pipeline strains as a result of FE 
analysis.  Karamitros et al. (2007) used 3D nonlinear analysis by using the finite element 
method to verify the results obtained from their proposed methodology. They observed that 
fairly accurate estimations of pipeline strains may be obtained for a wide range of fault 
displacements and fault crossing angles by using their proposed method.  
A new numerical method -equivalent boundary method- was developed by Liu et al. (2004) in 
order to reduce the memory needed and calculation time. The pipeline segment near the fault 
was modeled by using a plastic shell element to capture the local buckling and the large section 
deformation in the pipe. As opposed to the hybrid model, the nonlinear spring elements were 
used at the boundaries of the shell model instead of the beam elements. Equivalent boundaries 
were applied to both two ends of the shell model. The equivalent boundary method was verified 
with the fixed boundary shell model (pipe ends were fixed at anchor points). It is noted that 
reducing the model length by using equivalent boundary springs decreases memory and 
calculation time.    
Xie et al. (2011) utilized pipe shell models with soil springs and beam models with soil springs 
in their study. They concluded that the beam model is time efficient, particularly for the case 
where a large number of simulations are carried out.  
Vazouras et al. (2010, 2012, 2015) considered an elongated prismatic model where the pipeline 
is embedded in the soil. Shell elements were used to model the pipe. An elastic, perfectly plastic 
2-24 
 
Mohr-Coulomb model was considered to simulate soil behavior. The interaction between soil 
and pipe was simulated by using a contact algorithm. Tangential contact was regarded using 
penalty frictional contact with 0.3 friction coefficient. Normal contact was considered as hard 
contact by allowing separation of the pipe and soil. Vazouras et al. (2010) investigated the 
mechanical behavior of buried steel pipelines under strike-slip faulting considering steel 
pipelines with various diameters to thickness ratios and different steel types. They especially 
focused on the effects of various soil and pipeline parameters on the response of buried pipe 
subjected to strike-slip faulting. They concluded that in cohesive soils, stiff ground conditions 
resulted in a decrease in the critical fault displacement whereas softer ground conditions 
increased the deformation capacity of pipelines under faulting. The same conclusion was made 
for cohesionless soils: loose sand conditions resulted in an increase in critical fault 
displacements and pipelines buried in dense sands had smaller deformation capacity compared 
to pipelines buried in loose sands. They also observed that pipe internal pressure reduced pipe 
deformation capacity due to the early yielding of pipe material. It was concluded that upgrading 
the grade of the pipe material increased the pipe deformation capacity under faulting. Using 
thick walled pipelines were suggested to use at fault crossings as it reduced the buckling 
potential of buried pipelines crossing active faults. 
Vazouras et al. (2012) extended their work presented in 2010, regarding buried steel pipelines 
crossing the fault plane at different angles. They investigated the effects of internal pressure on 
the response of the pipeline. Various strain-based performance criteria including tensile failure, 
local buckling and ovalization were defined and monitored throught the FE analysis. Governing 
performance criteria for various falt crossing angles were also investigated. They observed that 
local buckling is the governing performance criteria when buried pipelines were under 
compression and bending. For pipelines under tension, governing modes were ovalization and 
tensile failure. Similar to Vazouras et al. (2010), they concluded that softer ground conditions 
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resulted in a larger deformation capacity of the pipeline. It was also observed that the 
ovalization performance of pipelines may increase with the presence of internal pipe pressure.    
Vazouras et al. (2015) investigated the effects of boundary conditions on the response of the 
buried pipeline subjected to oblique strike-slip faulting. They developed a closed form solutions 
for straight buried pipeline subjected to pure tension in order to specify the flexibility of the end 
sections. The pipeline performance criteria for pipeline crossing strike-slip faulting at different 
angles such as local buckling, ovalization, and tensile rupture were investigated. A simplified 
formulation to illustrate the occurrence of local buckling was proposed by considering end 
conditions. They concluded that the proposed closed-form nonlinear force-displacement 
relationships for buried pipelines under tension predicted axial strains and pipeline 
displacements that were in good agreement with numerical results. Equivalent boundary springs 
at pipe ends can be obtained by using the proposed closed-form nonlinear force displacement 
relationships.  
Liu et al. (2016) modeled the pipeline response to reverse faulting using Finite Element 
software ABAQUS. In their study, the pipe was modeled as shell elements and nonlinear soil 
springs were used to model pipe-soil interaction. The effects of yield strength and strain 
hardening parameters were investigated from the point of view of buckling response in this 
work. They observed that upgrading the steel grade (e.g. from X-80 to X-90) increased the 
critical fault displacement for local buckling as upgrading the steel grade increased the yield 
strength and strain hardening parameter of the pipe steel. Therefore, upgrading the steel grade 
can be considered a good choice for seismic design of buried pipelines crossing active faults.  
Ozcebe et al. (2017) developed a three dimensional (3D) numerical model to simulate the 
interaction of pressurized large diameter buried gas pipelines crossing normal faults. Shell 
elements were used to model the pipeline whereas solid continuum elements were utilized to 
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model soil surrounding the pipeline. The soil behavior was modeled using the elastic-perfectly 
plastic Mohr-Coulomb model and Von Mises plasticity was used to simulate the pipeline 
behavior. Contact elements were used to simulate the interaction between the soil and the 
pipeline. With the contact elements, normal deformation is not allowed and shear deformations 
are controlled by the shear strength of the soil-pipe interface. They investigated the pipeline 
performance (including cross-sectional buckling and ovalization) under increasing levels of 
fault movement. A parametric study was carried out to investigate the effects of variation of the 
fault-pipe intersection angles, of the properties of soil-pipe interface and of the operational 
conditions such as temperature and internal pipe pressure variations.  They concluded that the 
worst conditions for buried pipelines crossing normal faults in terms of pipe strains occurred in 
two scenarios: a) for high values of friction angle at the soil-pipeline interface or b) for large 
temperature gradients. They also observed that pipelines showed good performance under 
normal faulting, as pipelines crossing normal faults are subjected to tension and bending forces. 
Banushi et al. (2018) presented a parametric study of a buried pipeline crossing strike-slip fault 
using a continuum modeling approach where pipelines are modeled as shell elements and the 
soil is modeled as solid continuum elements. They introduced a sub-modeling technique that 
has a finer mesh on the part of the model prone to local buckling. The equivalent boundary 
springs were connected to each end of the pipeline to optimize computational costs. The springs 
represent the interaction of the soil-pipeline system in the field. The performance of buried 
pipelines crossing strike-slip faults (local buckling, cross-section ovalization, and tensile strain) 
was assessed under different critical parameters such as the pipe internal pressure and fault 
crossing angle. The numerical result obtained by 3D FE analysis was validated via the data 
reported in research publications and the analytical solutions. They concluded that the route of 
pipelines should be chosen so that the fault displacement induces tension and bending on it in 
order to avoid local buckling and increase the performance of pipelines in terms of axial strains 
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and ovalization. It was also observed that high levels of internal pressure diminished the 
pipeline performance in terms of critical fault offset. Furthermore, the radial expansion of the 
pipeline occurred due to high levels of internal pressure. This resulted in the intensification of 
the soil-pipe interaction in the axial and radial direction and consequently higher pipe loading 
developed due to the increase in axial and radial soil reaction under faulting.    
Demirci et al. (2018) presented a 3D FE based numerical model to simulate the behavior of 
buried continuous pipelines crossing reverse faults. They used similar modeling techniques to 
Vazouras et al. (2010, 2012, 2015), Ozcebe et al. (2017) and Banushi et al. (2018. Equivalent 
boundary springs were used to model pipe end conditions to minimize computational costs and 
to simulate real soil-pipe interaction behavior at the pipe ends. The 3D FE model was validated 
through 1g small scale experiment results of buried pipelines subjected to reverse faults. The 
validated 3D FE model was utilized to investigate pipeline response to the reverse fault in the 
1971 San Fernando Earthquake. They concluded that bending strains within buried pipelines 
crossing reverse faults increased with increasing the ratio of pipe burial depth to pipe diameter 
(H/D). Therefore, it is suggested that pipelines should be buried at a shallow depth at fault 
crossings in order to reduce pipe strains. It was also observed that two different curvature region 
occurs due to asymmetric soil loading. This soil loading condition develops due to the 
difference between ultimate bearing and uplift soil reaction. Furthermore, they concluded that 
the initiation of local buckling in the pipe wall developed at relatively small fault displacements 
and significant tensile strain occurred at the buckled are due to folding of the pipe wall. It was 
also suggested that pipelines should be buried in softer soils at fault crossings in order to 
increase pipeline performance in terms of critical fault displacements. The critical fault 
displacement is the magnitude of fault displacement where failure of a buried pipeline begins 
to occur. 
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Finite element models used in literature can be grouped into four categories as illustrated in 
Table 2.3. These are beams on nonlinear Winkler springs, shells on nonlinear Winkler springs, 
beams, and shell on nonlinear Winkler springs and continuous finite element models.  These 
models are illustrated in Figure 2.16-2.20, respectively. The subjects investigated in earlier 
finite element studies are summarized in Table 2.4. 
Table 2.3. Finite element models for pipelines subjected to PGD 
  
Group 
Name 
Finite Element 
Models 
Pipe Soil 
Connecti
on 
between 
pipe 
elements 
Soil-
Structure 
Interaction 
Selected 
References 
1 
Beams on 
nonlinear 
Winkler 
springs 
Beam Model Beam 
Elasto-
plastic 
springs 
- 
Maximum 
soil 
resistances-
Yield 
displaceme
nts (ASCE, 
1984) 
O'Rourke et al. 
(2003), Xie et 
al. (2011) 
2 
Shells on 
nonlinear 
Winkler 
springs 
Shell Model Shell 
Elasto-
plastic 
springs 
- 
Maximum 
soil 
resistances-
Yield 
displaceme
nts (ASCE, 
1984) 
Xie et al. 
(2011) 
3  
Shells on 
nonlinear 
Winkler 
springs 
Shell Model + 
Equivalent 
Boundary 
Shell 
Elasto-
plastic 
springs 
- 
Maximum 
soil 
resistances-
Yield 
displaceme
nts (ASCE, 
1984) 
Liu et al. 
(2004) 
4 
Beams+Shell  
on nonlinear 
Winkler 
springs  
Hybrid Model 
Beam
+Shell 
Elasto-
plastic 
springs 
Rigid 
Elements 
Maximum 
soil 
resistances-
Yield 
displaceme
nts (ASCE, 
1984) 
Takada et al. 
(2001),  
Sakanoue and 
Yoshizaki 
(2004) and 
Karamitros et 
al. (2007) 
5 
Continuous 
FEM model 
Solid Continuum-
Shell 
Shell 
Solid 
Continuum 
- 
Tangential 
Contact and 
Normal 
Contact 
Vazouras et al. 
(2010, 2012, 
2015) 
Ozcebe et al. 
(2017) 
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6 
Continuous 
FEM model 
Solid Continuum-
Shell+Equivalent 
Boundary 
Shell 
Solid 
Continuum 
- 
Tangential 
Contact and 
Normal 
Contact 
Banushi et al. 
(2018) 
Demirci et al. 
(2018) 
 
 
Figure 2.16. A beam on nonlinear Winkler springs 
 
 
Figure 2.17. A shell on nonlinear Winkler springs 
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Figure 2.18. A hybrid model with nonlinear Winkler springs 
 
Figure 2.19. Solid Continuum and Shell model  
 
Figure 2.20. Solid Continuum-Shell model with equivalent soil springs 
As viewed in the literature, soil spring modeling and continuous finite element modeling are 
used to evaluate the response of buried pipelines to permanent ground deformation (PGD). Both 
methods have their advantages and disadvantages: 
Solid 
Continuum 
Shell 
Solid 
Continuum 
Shell 
Equivalent boundary spring 
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Beam-soil spring models are commonly used in industry as it is quite practical and time-
efficient. Xie at al. (2011) concluded that a 1D beam-soil spring model is capable of capturing 
the salient response of the pipe subjected to PGD. The maximum strains and stresses and 
location of these stresses and strains can be captured adequately. However, sectional 
deformations such as the local buckling region, ovalization cannot be observed in a 1D model. 
Furthermore, pipeline internal pressure cannot be simulated using beam-soil spring models.  
Shell-soil spring model and shell-soil spring model with equivalent boundaries are much more 
time-consuming than 1D beam-soil spring models. Both models are suggested to be used when 
the evaluation of pipe section deformation needs to be captured. The equivalent boundary 
method reduces the memory needed and calculation time compared to shell-soil spring models. 
In soil spring modeling, all soil springs located on beam or shell elements are independent of 
each other. This means that the displacement of one point of the pipe is not influenced by the 
displacements of other points. The interaction between soil springs (coupling) needs to be taken 
into account in order to have more reliable results. 
Soil continuum-shell models consider the continuity of the soil around the pipeline by using 
tangential and normal contact formulations. Hence, the displacement at any point is affected by 
the displacements of the other points. This type of model gives much more realistic results when 
compared to soil spring models. Pipe section deformations and soil pressure at the soil-pipe 
interface can be captured accurately. However, simulating soil continuum-shell models in finite 
element software (ABAQUS, Plaxis3D, ANSYS, etc.) is a very complicated and time-
consuming process. Needed memory and calculation time are quite large compared to all other 
models (Liu et al., 2004). The use of this model requires a high degree of expertise in soil 
mechanics and finite element method.   
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Table 2.4. Finite Element Model Studies in the literature 
Research 
Finite 
Element 
Model 
Type of 
Permanent 
Ground 
Deformation 
Subjects Covered in the Research 
Lim et al. 
(2001) 
Beam Model Longitudinal PGD 
 
1. Verification of their analysis results using 
earlier research results  
 
2.PGD Pattern, pipe diameter and pipe thickness 
effects on the response of pipeline  
 
3.The critical length of lateral spreading zone 
and the critical magnitude of PGD    
Takada et al. 
(2001) 
Hybrid Model Faulting 
Determination of the relationship between bent 
angle and maximum pipe strain using finite 
element analysis for various pipe-fault 
conditions 
O'Rourke et al. 
(2003) 
Beam Model Faulting 
 
Comparison of finite element analysis results 
and measured results from centrifuge based 
modelling  
Sakanoue and 
Yoshizaki 
(2004) 
Hybrid Model PGD 
Investigation of lightweight backfill effects on 
the response of pipeline subjected to PGD 
Liu et al. 
(2004) 
Shell model + 
Equivalent 
Boundary 
Springs 
Faulting 
 
1. The verification of equivalent boundary 
method with the fixed boundary shell model  
 
2. The evaluation of the time efficiency of the 
new model  
Karamitros et 
al. (2007) 
Hybrid Model Faulting 
 
Verification of the results obtained from their 
proposed methodology by using 3D FE analysis  
Vazouras et al. 
(2010) 
Solid  
Continuum-
Shell 
Faulting 
 
1. Investigation of the mechanical behavior of 
buried steel pipelines under strike-slip faulting  
 
2. The effects of various soil and pipeline 
parameters on the response of buried pipelines 
  
Xie et al. 
(2011) 
1.Beam Model          
2.Shell Model 
Faulting 
 
1. Comparison of FE analysis results and 
measured results from centrifuge based 
modeling  
 
2. The effect of offset rate, moisture content, 
H/D ratio, pipe diameter, fault crossing angle on 
pipeline behavior subjected to faulting  
 
3. Evaluation of soil spring model in ASCE 
Guidelines 
 
2-33 
 
4. Evaluation of analytical models  
Vazouras et al. 
(2012) 
Solid 
Continuum-
Shell 
Faulting 
 
Extension of their 2010 work, regarding buried 
steel pipelines crossing the fault plane at 
different fault crossing angles 
 
Vazouras et 
al. (2015) 
Solid 
Continuum-
Shell 
Faulting 
 
1. Investigation of boundary effects on the 
response of buried pipeline subjected to oblique 
strike-slip faulting  
 
2. Development of closed-form solutions for 
buried pipeline subjected to pure tension  
 
3. Evaluation of pipeline performance with 
respect to local buckling, ovalization, and tensile 
rupture  
 
4. A simplified formulation for the occurrence of 
local buckling 
 
Ozcebe et al. 
(2017) 
Solid 
Continuum-
Shell 
Faulting 
 
1. The pipeline performance under increasing 
levels of fault movement 
 
2. A parametric study to investigate the effects 
of variation of the fault-pipe intersection angles, 
the properties of the soil-pipe interface and the 
operational conditions such as temperature and 
internal pipe pressure variations 
 
Banushi et al. 
(2018) 
Solid 
Continuum-
Shell+ 
Equivalent 
Boundary 
springs 
Faulting 
 
1. Evaluation of the performance of buried 
pipelines crossing strike-slip faults under 
different critical parameters such as pipe internal 
pressure and fault crossing angle. 
 
2. The validation of numerical results via 
analytical solutions and the data reported in the 
research publications 
 
Demirci et al. 
(2018) 
Solid 
Continuum-
Shell+ 
Equivalent 
Boundary 
springs 
Faulting 
1. The validation of the 3D FE model via 1g 
small scale experiment results 
 
2. The simulation of a buried pipeline crossing 
reverse fault in the 1971 San Fernando 
Earthquake  
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Soil-Pipe Interaction - Soil springs 
Buried pipelines interact with the soil surrounding them. Earthquakes cause damage to buried 
pipelines due to deformation and forces applied to them at the pipe-soil interface. When an 
earthquake occurs, the pipe and soil surrounding it move relative to each other. This relative 
movement deforms the pipe (O’Rourke and Liu, 1999). Trautman and O’Rourke (1983) found 
a force-deformation relationship for horizontal lateral movement as a result of laboratory tests 
that were performed to determine soil interaction forces for a pipeline surrounded by non-
liquefied soil. The ASCE Technical Council on Lifeline Earthquake Engineering (TCLEE) 
Committee on Gas and Liquid Fuel Lifelines (ASCE, 1984) proposed idealized elasto-plastic 
models in order to model the interaction between the soil and pipe. The elasto-plastic model 
consists of two parameters such as maximum resistance Pu, Tu, Qu, Qd in transverse horizontal, 
axial and transverse vertical directions respectively and relative displacements zu, xu, yd, yu 
respectively (Figure 2.21). These equivalent soil springs in ASCE 1984 are based on the initial 
works by Ovesen and Stromann (1972), Audibert and Nyman (1977) and specially Trautmann 
and O’Rourke (1983, 1985). Red lines in Figure 2.21 show idealized elastic-perfectly plastic 
force-displacement relationships that are fitted to non-linear force-displacement relationships 
(black curves) for the simplicity of modelling soil springs. Finite Element models with the 
idealized soil springs (red lines) predict conservative results due to that yield displacement in 
the idealized soil springs is smaller than that values in non-linear soil springs.   
 
Figure 2.21. Bi-linear soil springs used to represent soil force on a pipe (ALA, 2001) 
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The lateral soil springs simulate the resistance of surrounding soils to any horizontal translation 
of the pipeline. The peak lateral soil force per unit length can be calculated by using Equation 
2.3. 
𝑃𝑢 = 𝑁𝑐ℎ𝑐𝐷 + 𝑁𝑞ℎ𝛾𝐻𝐷                                                     (2.3) 
and yield displacements (zu) for loose, medium and dense sands: 
                         𝑧𝑢=
{
 
 
(0.07 − 0.10)(𝐻 + 𝐷/2)                  𝑓𝑜𝑟 𝑙𝑜𝑜𝑠𝑒 𝑠𝑎𝑛𝑑
(0.03 − 0.05)(𝐻 + 𝐷/2)            𝑓𝑜𝑟 𝑚𝑒𝑑𝑖𝑢𝑚 𝑠𝑎𝑛𝑑
(0.02 − 0.03)(𝐻 + 𝐷/2)                𝑓𝑜𝑟 𝑑𝑒𝑛𝑠𝑒 𝑠𝑎𝑛𝑑
(0.03 − 0.05)(𝐻 + 𝐷/2)                               𝑓𝑜𝑟 𝑐𝑙𝑎𝑦
                                  (2.4) 
where Nch, Nqh are dimensionless horizontal bearing capacity factors, c is the cohesion of the 
backfill, D is pipe diameter, 𝛾 is the effective unit weight of the soil, and H is the depth of the 
soil from the ground surface to the centre of the pipe. The dimensionless horizontal bearing 
force (Nch, Nqh) is calculated by Equation 2.5-2.6. Nch is horizontal bearing capacity factor for 
clay (Nch=0 for c=0). Nqh is horizontal bearing capacity factors (Nqh=0 for 𝜑 =0°). The 
coefficients in Equation 2.5-2.6 (a, b, c, d, e) are given in Table 2.5.   
𝑁𝑐ℎ = 𝑎 + 𝑏𝑥 +
𝑐
(𝑥 + 1)2
+
𝑑
(𝑥 + 1)3
≤ 9                                     (2.5) 
𝑁𝑞ℎ = 𝑎 + 𝑏(𝑥) + 𝑐(𝑥
2) + 𝑑(𝑥3) + 𝑒(𝑥4)                                   (2.6) 
Table 2.5. The values of a, b, c, d, e and x in Equation 2.5-2.6 for various internal friction 
angles  
Factor φ x a b c d e 
Nch 0° H/D 6.752 0.065 -11.063 7.119 - 
Nqh 20° H/D 2.399 0.439 -0.03 1.059(10)-3 -1.754(10)-5 
Nqh 25° H/D 3.332 0.839 -0.09 5.606(10)-3 -1.319(10)-4 
Nqh 30° H/D 4.565 1.234 -0.089 4.275(10)-3 -9.159(10)-5 
Nqh 35° H/D 6.816 2.019 -0.146 7.651(10)-3 -1.683(10)-4 
Nqh 40° H/D 10.959 1.783 0.045 -5.425(10)-3 -1.153(10)-4 
Nqh 45° H/D 17.658 3.309 0.048 -6.443(10)-3 -1.299(10)-4 
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Axial spring restraint forces symbolize the skin friction on the cylindrical surface of the pipe. 
The peak axial soil force per unit length can be calculated by using Equation 2.7. 
  𝑡𝑢 = 𝜋𝐷𝛼𝑐 + 𝜋𝐷𝐻𝛾(
1+𝐾0
2
)𝑡𝑎𝑛𝑓∅                                                 (2.7) 
where D is pipe diameter, 𝛼 is adhesion factor, c is cohesion of the backfill, H is the depth of 
the soil from the ground surface to the centre of the pipe, 𝛾 is the effective unit weight of the 
soil, K0 is the coefficient of the lateral pressure, 𝑓 is a reduction factor depending on the outer 
surface characteristics of pipe and ∅ is internal friction angle of backfill. Yield displacements 
(xu) for dense and loose sands, stiff and soft clays: 
𝑥𝑢=
{
 
 
 
     0.1 𝑖𝑛𝑐ℎ𝑒𝑠 (3𝑚𝑚)          𝑓𝑜𝑟 𝑑𝑒𝑛𝑠𝑒 𝑠𝑎𝑛𝑑
   0.2 𝑖𝑛𝑐ℎ𝑒𝑠 (5𝑚𝑚)          𝑓𝑜𝑟 𝑙𝑜𝑜𝑠𝑒 𝑠𝑎𝑛𝑑
 0.3 𝑖𝑛𝑐ℎ𝑒𝑠 (8𝑚𝑚)          𝑓𝑜𝑟 𝑠𝑡𝑖𝑓𝑓 𝑐𝑙𝑎𝑦
0.4 𝑖𝑛𝑐ℎ𝑒𝑠 (10𝑚𝑚)       𝑓𝑜𝑟 𝑠𝑜𝑓𝑡 𝑐𝑙𝑎𝑦
                                        (2.8) 
The vertical uplift soil force develops when relative movement between soil and the pipe occurs 
in the upward direction. The peak vertical uplift soil force per unit length of pipe is calculated 
by Equation 2.9. 
  𝑄𝑢 = 𝑁𝑐𝑣𝑐𝐷 + 𝑁𝑞𝑣𝛾𝐻𝐷                                                  (2.9) 
where Ncv, Nqv is dimensionless vertical uplift factors, c is the cohesion of the backfill, D is pipe 
diameter, 𝛾 is the effective unit weight of the soil, and H is the depth of the soil from the ground 
surface to the center of the pipe. The vertical uplift factors (Ncv, Nqv) are calculated by using 
Equation 2.10-2.11. Equation 2.10 is applicable when the value of (
𝐻
𝐷
) is less than or equal to 
10. 
𝑁𝑐𝑣 = 2(
𝐻
𝐷
) ≤ 10                                                         (2.10) 
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𝑁𝑞𝑣 = (
𝜑 ×𝐻
44 × 𝐷
) ≤ 𝑁𝑞                                                     (2.11) 
Yield displacements (yu) for loose and dense sands, stiff and soft clays: 
𝑦𝑢= {
 0.01𝐻 𝑡𝑜 0.02𝐻 𝑓𝑜𝑟 𝑑𝑒𝑛𝑠𝑒 𝑡𝑜 𝑙𝑜𝑜𝑠𝑒 𝑠𝑎𝑛𝑑𝑠 < 0.1𝐷
0.1𝐻 𝑡𝑜 0.2𝐻 𝑓𝑜𝑟 𝑠𝑡𝑖𝑓𝑓 𝑡𝑜 𝑠𝑜𝑓𝑡 𝑐𝑙𝑎𝑦𝑠 < 0.2𝐷
                             (2.12) 
The vertical bearing soil force develops when relative movement between soil and the pipe 
occurs in the downward direction. The peak vertical bearing soil force per unit length of pipe 
is calculated by Equation 2.13. 
  𝑄𝑑 = 𝑁𝑐𝑐𝐷 + 𝑁𝑞𝛾𝐻𝐷 + 𝑁𝛾𝛾
𝐷2
2
                                           (2.13) 
where Nc, Nq, Nγ are a dimensionless vertical bearing force, c is the cohesion of the backfill, D 
is pipe diameter, 𝛾 is the effective unit weight of the soil, and H is the depth of the soil from the 
ground surface to the centre of the pipe. The dimensionless vertical bearing force (Nc, Nq, Nγ) 
is calculated by Equation 2.14-2.16. 
𝑁𝑐 = [𝑐𝑜𝑡(𝜑 + 0.001)] × {exp [𝜋 × 𝑡𝑎𝑛(𝜑 + 0.001) × 𝑡𝑎𝑛
2 (45 +
𝜑 + 0.001
2
) − 1} (2.14) 
𝑁𝑞 = 𝑒𝑥𝑝(𝜋 × 𝑡𝑎𝑛𝜑) × 𝑡𝑎𝑛
2 (45 +
𝜑
2
)                                      (2.15) 
𝑁𝛾 = 𝑒
(0.18×𝜑−2.5)                                                           (2.16) 
Yield displacements (yd) for granular soils, and cohesive soils: 
𝑦𝑑= {
 (0.1𝐷) 𝑓𝑜𝑟 𝑔𝑟𝑎𝑛𝑢𝑙𝑎𝑟 𝑠𝑜𝑖𝑙𝑠
(0.2𝐷) 𝑓𝑜𝑟 𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 𝑠𝑜𝑖𝑙𝑠
                                          (2.17) 
Limitations of soil springs  
The elasto-plastic soil springs suggested in ASCE (1984) are commonly used for modeling soil-
pipe interaction. However, there are several limitations of soil spring models as reviewed in the 
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literature.  Ha et al. (2008) observed that there is a stiffer p-y relationship at points closer to the 
fault but softer p-y relationship occurs at points farther from the fault. The ultimate soil 
resistance in centrifuge tests was found to be fairly consistent with the value in ASCE 
Guidelines (1984). The comparison of the stiffer p-y relationship with the p-y relationship in 
ASCE revealed underestimation of yield displacement values in ASCE Guidelines. 
Consequently, the design of pipelines subjected to horizontal permanent ground deformation 
(PGD) using the ASCE Guidelines is conservative, particularly for smaller relative soil-pipe 
deformations. Abdoun et al. (2009) observed that for moderate burial depth (H/D=2.8), the peak 
lateral force measured by the tactile pressure sensor is consistent with the peak lateral force 
values calculated from the ASCE Guidelines (1984). However, for larger burial depth 
(H/D=6.0), the use of the values suggested by ASCE Guidelines (1984) provides conservative 
estimates of pipe strains. They highlighted that pipeline diameter to wall thickness ratio (D/t) 
has a significant influence on the soil-pipe interaction. However, the effect of the ratio of D/t 
on soil-pipe interaction was neglected in the ASCE Guidelines (1984). Ha et al. (2010) 
performed centrifuge tests to investigate the effects of strike-slip faulting on the behaviour of 
buried continuous pipelines. In their study, tactile pressure sensors were used in the experiments 
to measure the pressure at the soil-pipe interface. Total lateral soil force (Pu) was obtained by 
taking the horizontal component of the friction and the pressure and integrating over the pipe 
circumference. The total lateral soil force that was obtained from the experiments was compared 
to that value calculated by using proposed equations in the ASCE Guidelines. Ha et al. (2010) 
confirmed that the ASCE Guidelines provide a good prediction of the peak soil lateral force 
based on the results of centrifuge tests.  Xie et al. (2011) performed a series of centrifuge tests 
to study effects of strike-slip faulting on the behaviour of buried continuous pipelines. The 
pressure at the soil-pipe interface due to relative movement between soil and pipe under faulting 
was recorded by using tactile pressure sensors. Based on the results obtained by pressure 
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sensors,  Xie et al. (2011) highlighted that the use of ASCE soil springs results in conservative 
predictions of peak strains. The reason behind the conservative estimations of peak strain is that 
yield displacement values in ASCE Guidelines (1984) are underestimated.  
Sim et al. (2012) observed that the strains induced in the buried pipe decrease when seismic 
shaking and fault displacement are applied simultaneously since the shaking reduces the shear 
strength of soil surrounding pipelines. Hence, the peak soil forces decrease when the shear 
strength of backfill soil is reduced by seismic shaking. Consequently, it can be concluded that 
the use of p-y relationships in the ASCE Guidelines (1984) provides conservative estimations 
of peak strains induced in pipelines. 
Elasto-plastic soil springs for dense to loose sand and stiff to soft clay are available in ASCE 
(1984) and ALA (2001). However, non-standardised soils such as intermediate soils, mixed 
soils which are not purely sand or clay can be encountered in practice. For these cases, force-
displacement values (p-y curves) for soil springs need to be derived by using stress-strain 
characteristics of the soil. Bouzid et al. (2013), Dash et al. (2017) and Lombardi et al. (2017) 
proposed a methodology for constructing p-y curves for pile design for non-liquefied and 
liquefied soils. In their methodology, the shear stress-shear strain relationship obtained by soil 
element tests was used to construct p-y curves for any type of soils. This methodology can be 
adapted to the problem of buried continuous pipelines crossing strike-slip faults and p-y curves 
for pipe design can be obtained by using stress-strain relationships of soils.   
The soil spring parameters suggested by ASCE (1984) and ALA (2001) are based on initial 
works by Trautmann and O’Rourke (1983, 1985). Dry sand was used to obtain p-y curves for 
soil springs in their studies. Yoshizaki et al. (2003), O’Rourke and Bonneau (2007) and 
O’Rourke (2010) concluded that partially saturated sand had apparent cohesion due to matric 
suction. The matric suction increases the dilatancy of partially saturated sand relative to dry and 
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saturated sand at the same dry density. The moist sand p-y curves reach a peak value and 
decrease such as dense dilative dry sand. The lateral force of partially saturated sand was 
observed to be larger than the lateral force of dry sand due to the generation of discrete rupture 
surfaces in partially saturated sands. O’Rourke (2010) noted that soil-structure interaction in 
partially saturated soils includes complicated soil behavior and complex modeling demands and 
has great research potential. Hence, p-y curves for partially saturated soil needs to be 
investigated to obtain accurate results.  
Soil spring formulations assume that pipelines are placed in homogeneous soil and do not 
account for trench boundary conditions and potential failure mechanisms that may occur at the 
interface between the trench backfill and the surrounding native soil. Furthermore, the soil 
spring modeling method cannot account for the effects of stress history and stress path on soil 
type and stress state, deformation mechanisms, strain localization effects and the effects of 
strain rate on soil behavior.     
Load coupling effects are not taken into account in soil spring formulations proposed by 
guidelines. When pipelines are subjected to combined axial, lateral and vertical soil 
deformations, a complex interaction occurs where the failure envelope reduced soil capacity 
due to this effect. Ignoring load coupling effects may result in conservative estimates of soil 
loads and pipe deformations. 
2.7.3. Experimental Study  
Not only is the finite element method adequate to evaluate the response of buried pipelines but 
also verification of finite element analysis results by using case histories is essential to obtain 
reliable outcomes. However, there is a limited number of validated case histories to verify FE 
analysis results. Due to a lack of verified case histories, large-scale laboratory tests, 1g scaled 
2-41 
 
tests, and centrifuge-based modeling of buried pipelines are experimental methods for 
verification and calibration of analytical and numerical analysis results. 
Large-scale split-box experiments for investigating soil pipe interaction under strike-slip 
faulting were performed at Cornell University (Palmer et al., 2006; O’Rourke and Bonneau, 
2007). Palmer et al. (2006) described a large-scale testing facility at Cornell University and the 
experimental plan to evaluate the response of pipeline to ground rupture effects systematically. 
The working principle of the large-scale testing facility and engineering properties of soil 
utilized in experiments are explained. O’Rourke and Bonneau (2007) performed large scale 
tests to evaluate the performance of steel gas distribution pipelines with 900elbows and effects 
of strike-slip faulting on the behaviour of HDPE pipelines. They investigated lateral soil-pipe 
interaction under ground failure via large scale tests. Large-scale tests results showed that 
maximum lateral soil reaction forces of partially saturated soils are much larger than those 
values of dry sands. Consequently,  the pipelines buried in partially saturated soils experienced 
larger strains under strike-slip faulting compared to pipelines buried in dry sands. The 
experiment results also highlighted that HDPE pipelines had the ductility and flexibility to 
withstand a significant amount of fault displacements. They also concluded that axial loads in 
HDPE pipelines diminished thanks to its viscoelastic characteristics. The large-scale testing 
facilities which have been used at Cornell University are seen in Figure 2.22.  
 
Figure 2.22. Cornell University Large-Scale Experiment Setup 
2-42 
 
The performance of large-scale laboratory tests of buried pipeline response to faulting is 
possible at limited facilities in the world. In addition, there are limitations of large-scale testing 
due to practical constraints related to size and cost. O’Rourke et al. (2003, 2005) first proposed 
a centrifuge-based approach to physically model ground faulting effects on buried pipelines. 
They designed a split container to simulate horizontal fault offsets and used it with the 
Rensselaer Geotechnical Centrifuge. Ha et al. (2008), Abdoun et al. (2009), Ha et al. (2010) 
and Xie et al. (2011) performed several centrifuge tests to investigate the response of continuous 
buried pipe subjected to strike-slip faulting. O’Rourke et al. (2003, 2005) proposed a new 
concept which is a centrifuge based method in order to investigate the response of continuous 
pipeline subjected to strike-slip faults and compare the measured strains with finite element 
results. The study showed that the agreement between pipe strains predicted by FE modelling 
and those measured from centrifuge tests was good for small fault displacements where the pipe 
material remained in the elastic range. They highlighted that the actual stress-strain behaviour 
of the pipe material must be used for FE simulation of large fault displacements where the pipe 
material experiences plastic strains.  
Ha et al. (2008) carried out four centrifuge tests of buried HDPE pipelines crossing strike-slip 
faults to investigate the effect of the pipe-fault orientation angle on the response of pipes 
subjected to PGD. The measured pipe strains were compared with the results predicted by the 
analytical model proposed by Kennedy et al. (1977). Transverse force-deformation (p-y) 
relations were determined by combining data from tactile pressure sensors and strain gauges. 
P-y relations were compared with values suggested in ASCE Guidelines (1984) and Turner’s 
recommendation in 2004 for moist sand. They observed a stiffer p-y relationship at points closer 
to the fault and a softer p-y relationship at points further from the fault. They concluded that 
the centrifuge test data are generally consistent with the trend predicted by the analytical model 
proposed by Kennedy et al. (1977) as opposed to measured peak bending strain magnitudes 
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which are much less than the values predicted by the Kennedy model. The force level for the 
plastic p-y behavior in the centrifuge tests was found to be fairly consistent with that in the 
ASCE Guidelines (1984). It was concluded that the pipe-fault orientation angle had a strong 
effect on pipe axial strain whereas the influence of the pipe-fault orientation angle on pipe 
bending strain was relatively minor.  
Abdoun et al. (2009) performed five pairs of centrifuge tests in order to investigate effects of 
different factors on the response of buried High-Density Polyethylene (HDPE) pipes subjected 
to strike-slip faulting such as soil moisture content, fault offset rate, relative burial depth (H/D) 
and pipe diameter. They concluded that fault offset rate (the speed of fault displacement with a 
unit of displacement per time, e.g. m/s) and soil moisture content do not have an important 
influence on the magnitudes and locations of the peak strains and the peak lateral forces on the 
pipe. The relative burial depth (H/D) was found to have a significant influence on both the 
magnitudes and locations of the peak strains within the pipe. They concluded that the ratio of 
pipeline diameter to thickness (D/t) is a significant factor affecting the soil-pipe interaction. It 
was observed that the peak lateral force measured by tactile pressure sensors compared well 
with the values proposed by the ASCE Guidelines (1984).  
Ha et al. (2010) used centrifuge-based modeling to simulate the 1999 Izmit Earthquake 
conditions  (strike-slip faulting) and compared results from centrifuge modeling with a case 
history of pipe failure in the 1999 Izmit. They also investigated the effect of faulting direction 
on buried HDPE pipes crossing strike-slip faults. The centrifuge tests were performed to 
determine the response of pipeline crossing a strike-slip fault at an angle of 600 and -600 so that 
pipes were located in either net compression or tension, respectively. By using the experiment 
results and comparisons with the case histories, the failure mechanism of the buried pipeline 
under net compression was illustrated clearly. They suggested designing the pipe with 900 pipe-
fault orientation angle in order to reduce longitudinal pipe strains. HDPE pipelines were 
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suggested to be used in the vicinity of fault due to their high ductility and flexibility. It was 
concluded that p-y values in ASCE Guidelines (1984) provide a good prediction of the 
maximum soil lateral force.  
Xie et al. (2011) performed twelve centrifuge tests to investigate the effects of offset rate, 
moisture content, H/D ratio, pipe diameter, fault angle on the response of buried pipelines under 
strike-slip faulting. They evaluated the performance of the soil spring model proposed in the 
ASCE Guidelines for various values of H/D by comparing the measured axial and bending 
strain by centrifuge tests and numerical analysis results obtained from finite element analysis 
which uses the soil spring model proposed in the ASCE Guidelines. The analytical methods 
were validated via experiments and numerical analysis. They highlighted that the 1D beam 
model is adequate for obtaining the pipe response to faulting and the selection of the parameters 
for soil springs used in the model is critical for good estimates of the pipe response. It was 
concluded that the peak lateral soil force measured by tactile pressure sensors are reasonably 
consistent with values suggested in the ASCE Guidelines (1984). However, it was observed 
that there was a remarkable difference between yield displacement in ASCE and in centrifuge 
tests. They concluded that the numerical simulations via Finite Element Analysis are the most 
suitable approach for obtaining reasonable estimates of the behavior of HDPE pipelines whose 
response may be strongly influenced by both material and geometric nonlinearities whereas 
analytical models are limited to predicting the pipeline response due to the complex nature of 
the material and geometric nonlinearity. It was noted that using the soil springs in ASCE (1984) 
in numerical analysis provides larger peak pipe strains.  
Sim et al. (2012) designed a new testing apparatus which is capable of simulating pipelines 
crossing strike-slip fault. The testing apparatus was connected to the shaking table in order to 
obtain faulting and seismic horizontal shaking simultaneously. They observed that 
simultaneous faulting and shaking reduced the shear strength of soil that results in a reduction 
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in pipe strains and stresses. They concluded that the bending moment occurring within the pipe 
reduced as the pipe-fault crossing angle decreased. They inferred that larger strains and bending 
moments arised in the pipeline due to the increase in the relative density of soil surrounding 
pipelines. The research subjects investigated in earlier experimental studies are summarized in 
Table 2.6. 
Table 2.6. Experimental Studies 
Research Experiment Key Subjects Investigated in the Research 
O'Rourke et 
al. (2003) 
Centrifuge 
Tests 
 
1. Investigation of the response of buried continuous pipelines to PGD.  
 
2. The comparison of the measured strains and finite element results.  
O'Rourke et 
al. (2005) 
Centrifuge 
Tests 
 
1. Estimation of pipe strains occurring due to PGD.  
 
2. The comparison of the measured strains and finite element results for 
larger and smaller offsets.  
Palmer et 
al. (2006) 
Large-Scale 
Tests 
 
1. The description of the large-scale testing facility at Cornell University.  
 
2. The description of an experimental plan for evaluating pipeline response 
systematically.  
 
3. The working principle of the large-scale testing setup.  
 
4. Engineering properties of soil used in the experiments.  
O'Rourke et 
al. (2007) 
Large-Scale 
Tests 
 
1. Evaluation of steel gas distribution pipeline performance with 900 
elbows.  
 
2. Effects of ground rupture on HDPE pipelines.  
 
3. Lateral soil-pipe interaction during ground failure.  
Ha et al. 
(2008) 
Centrifuge 
Tests 
 
1. The effects of the pipe-fault orientation angle on the response of pipe.  
 
2. The comparison of measured pipe strains and results predicted by the 
Kennedy model.  
 
3. The evaluation of p-y relations proposed in the ASCE Guidelines.  
Abdoun et 
al. (2009) 
Centrifuge 
Tests 
 
1. The effects of moisture content, fault offset rate, relative burial depth 
(H/D), D/t and pipe diameter on the response of pipe subjected to strike-
slip faulting.  
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2. The evaluation of p-y relations proposed in the ASCE Guidelines.  
Ha et al. 
(2010) 
Centrifuge 
Tests 
 
1. The comparison of results measured by centrifuge model tests and the 
results observed in a case history of pipe failure in 1999 Izmit.  
 
2. The effects of the fault crossing angle on the pipeline behavior.  
 
3. The evaluation of p-y relations proposed in the ASCE Guidelines. 
Xie et al. 
(2011) 
Centrifuge 
Tests 
 
1. The effects of offset rate, moisture content, H/D ratio, pipe diameter, 
pipe-fault angle on the response of pipelines under strike-slip faulting.  
 
2. The evaluation of soil spring model in ASCE Guidelines.  
 
3. The evaluation of analytical models.  
Sim et al. 
(2012) 
1g-Shake 
Table Tests 
 
1. A new testing setup which is capable of simulating the behavior of 
buried pipelines crossing strike-slip faults.  
 
2. The behavior of buried pipelines subjected to simultaneous fault 
movement and shaking.  
Large scale tests, centrifuge based model tests and 1g scaled tests are utilized to develop 
practical engineering tools for pipeline design, to develop more advanced computational 
modeling procedures and to validate their results. Large scale testing is capable of capturing 
significant features of the prototype. However, preparation for large-scale tests is a very time-
consuming process and consequently, most physical models are constructed at much smaller 
scales compared to prototypes in order to obtain the response of pipeline more rapidly. The 
mechanical and geotechnical similitude between model and prototype can be provided by using 
non-dimensional groups. In geotechnical problems particularly for soil-structure interaction 
problems, the effect of effective stress level in soil response is very significant. Centrifuge based 
scaled tests are capable of overcoming the difficulties associated with soil stresses at 
corresponding points in the model and the prototype. However, it is very difficult to ensure that 
soil stresses in 1g scale model and the prototype are the same at every corresponding point. 
Hence, governing equations and dimensionless groups that govern the response of soil-pipeline 
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interaction are needed to be specified and kept consistent with the values used in the prototype 
scale.  
As viewed in the literature, physical models were used to investigate the behavior of buried 
pipelines crossing PGD zones. A huge number of experimental studies have been carried out in 
order to: 
-validate finite element simulation results and analytical model results, 
-develop earlier finite element models and analytical or semi-analytical models, 
-evaluate factors influencing the response of pipelines subjected to PGD caused by earthquakes 
(faulting, landslide, lateral spreading due to liquefaction, and wave propagation effects, etc.) 
-evaluate soil spring models proposed in the guidelines (ASCE, 1984; ALA, 2001) 
-develop a better understanding of soil-pipeline interaction problems under PGDs. 
2.7.3.1. The literature of Physical Model Tests of Pipelines Crossing PGD zones 
Three types of experiments have been encountered considering earlier experimental works: 1) 
Large-scale tests, 2) Centrifuge based model tests, 3) Small-scale model tests. Large-scale split 
box experiments for soil-pipe interaction problems under PGDs were performed at Cornell 
University by Palmer et al. (2006) and O’Rourke and Bonneau (2007). Palmer et al. (2006) 
described large-scale testing facilities that were constructed at Cornell University and the 
experimental plan for evaluation of the pipeline response to ground rupture effects. The 
schematic view of a large-scale test facility that was used at Cornell University is demonstrated 
in Figure 2.23. 
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Figure 2.23. The schematic views of large-scale split box test (after Palmer et al., 2006 and 
O’Rourke and Bonneau, 2007)  
There were two long stroke servo-hydraulic actuators to move the movable split box in the 
horizontal direction.  The actuators need a reaction to move the split box, therefore, they were 
attached to a reaction wall. The long stroke servo-hydraulic actuators have 445 kN compression 
and 270 kN tension capacities. A structural steel frame with plywood sheathing and decking 
was used to construct a test basin.  
O’Rourke and Bonneau (2007) performed large-scale tests of a buried pipeline under tension 
and bending. A nuclear density gauge was used to determine the moisture content of soil used 
in the tests. Strain gauges were installed on the pipeline and the instrumentation layout was 
arranged by using FE analysis results. 
Centrifuge based model tests were used to evaluate pipeline response to faulting by O’Rourke 
et al. (2003, 2005), Ha et al. (2008, 2010), Abdoun et al. (2009), Moradi et al. (2013). Split 
boxes with different dimensions were used in their studies. Split boxes are an experimental tool 
that is capable of simulating horizontal PGDs (e.g. landslides) and fault offsets. The 
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experimental tool consists of either two or three halves. To simulate fault movement, one-half 
of the split boxes were fixed while the other half can move both horizontally and vertically on 
rollers. The roller bearings were used to guide and support the movable part of the split boxes 
and this provides accurate movement and minimum friction. The movable boxes were displaced 
by using hydraulic actuators.  
Two-section split boxes are capable of simulating both strike-slip, normal, reverse and oblique 
faulting since one of the split boxes can be moved horizontally and the other half can be moved 
vertically. The schematic sketch of the two-section split box model is demonstrated in Figure 
2.24. A three-section split box model is utilized to investigate pipe or tunnel response to a 
landslide. One section at the near end is fixed and the other two sections can be moved 
horizontally as shown in Figure 2.25. 
Strain gauges were used to capture the behavior of the pipeline under faulting. The strain gauges 
were attached along the pipeline by using quarter bridge configuration in order to measure both 
axial and bending pipe strains. The measuring strain range of the strain gauges was determined 
depending on estimated peak pipe strains calculated by numerical analysis.  
 
Figure 2.24.  Schematic sketch of the two-section split box used in centrifuge based model 
tests (after O’Rourke et al., 2003; 2005) 
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Figure 2.25.  Schematic sketch of the three-section split box used in centrifuge based model 
tests (O’Rourke et al., 2003; 2005) 
Linear Variable Differential Transducers (LVDT) were utilized to measure rotations and axial 
displacements at the pipe end connections and resulting fault offsets. Load cells were placed 
between the movable portion of the split box and the actuator in order to measure the force 
applied by the actuators. The pressure at the pipe-soil interface was measured using tactile 
pressure sensors. 
Sim et al. (2012) designed a new testing apparatus which is capable of simulating a strike-slip 
fault. The testing apparatus was connected to the shaking table in order to obtain faulting and 
seismic horizontal shaking simultaneously. The test apparatus includes a reaction frame and a 
split box. The split box has two sections such as stationary and moveable segment that rests on 
rails. The motion of the moveable section of the split box was supplied by a gas cylinder that 
applies 5kPa force to moveable section. Two accelerometers were placed at the base of the 
stationary and moving sections in order to monitor accelerations. Laser displacement sensors 
were used to measure horizontal fault displacement. Waterproofed strain gauges were placed 
along the spring lines of pipe 50 mm intervals. The displacements at the end points of pipe were 
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monitored by draw-wire displacement sensors. Figure 2.26 shows the plan and cross-section 
view of the split box. 
 
Figure 2.26. a) The plan view of the split box, b) cross-section of the split box (after Sim et 
al., 2012) 
2.7.3.2. Summary of Physical Model Test Setups 
Large-scale models, centrifuge based models and small scale models include the split box tool 
which is used for simulating buried pipelines crossing active faults. This tool can consist of 
three or two segments depending on hazard types (landslides, faults, etc.). Plates are placed at 
the side walls of the split box in order to prevent soil from leakage out of the box. Actuators or 
gas cylinders are used to pull or push the movable part of the split box. A resistance frame or 
wall is constructed to provide a reaction to actuators. Rollers and roller bearings are utilized to 
guide and support the movable part of the split box.  The instrumentation tools used in earlier 
studies were strain gauges, extensometer probes, LVDT, load cells, tactile pressure sensors, 
accelerometers, laser displacement sensors, draw-wire displacement sensors, video cameras, 
and laser profiling devices. In most of these tests, the pipe end conditions are modeled as either 
rigid (allowing no rotations and translations), semi-rigid (allowing no rotations and translations 
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for small fault offsets, allowing no translations for large fault offsets), pin (allowing no 
translations), spring ends and free ends.   
2.8. Performance-Based Design of Continuous Pipelines 
2.8.1. Continuous Pipeline Performance Criteria 
Buried pipelines are subjected to large ground deformations which cause severe deformation in 
pipes beyond the elastic limit in the earthquakes. Pipelines may have tensile rupture at locations 
where large tensile strains arise due to large permanent ground deformations. Excessive 
compressive strains may cause local buckling (wrinkling) at the pipeline wall which is followed 
by folding at the pipeline wall and progression of significant local strains. Furthermore, the 
cross-sectional area of pipelines is significant for operational purposes. Excessive distortion of 
pipeline cross-section due to longitudinal bending may result in operational problems of the 
pipeline. Therefore, pipeline performance should be evaluated in terms of appropriate 
performance criteria (limit states) based on pipe strains. The limit states for tensile failure, local 
buckling, and ovalization (flattening) are described below. However, it is difficult to consider 
a failure criterion for beam buckling in terms of pipe material properties since the pipe continues 
to transmit fluid without interruption after the occurrence of beam buckling.        
2.8.1.1. Tensile failure 
The strain causing tensile rupture of the pipe is usually well above about 4% (Newmark and 
Hall, 1975). Ultimate tensile strain value of 4% is often used and the pipeline is assumed to 
have failed in tension beyond this ultimate tensile strain. Longitudinal strains are restricted 
between 3% and 5% range by the ASCE Guidelines for the Seismic Design of Oil and Gas 
Pipeline Systems (1984). In 2001 ALA Guidelines, two different values of the tensile strain 
limit were defined for two different performance goals such as pressure integrity and normal 
operability. The tensile strain limit is 4% for pressure integrity whereas the tensile strain value 
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of 2% is accepted as tensile strain limit for normal operability. On the other hand, the 
longitudinal tensile strain limit is considered as 3% within Eurocode 8, Part 4 (2006).  
2.8.1.2. Compression Failure 
The behavior of a shell structure under compression is dependent on material properties, shell 
geometry properties, loading, and boundary conditions. A shell structure in compression fails 
in two conditions: when the maximum loading capacity as a column or beam is reached or when 
shell buckling occurs. Only relatively thick pipes with a small ratio of the pipe diameter to 
thickness (D/t) can behave as columns or beams. Relatively thin pipes with large D/t can be 
treated as a shell since the behavior of the pipe is dominated by shell buckling (Zhou and 
Murray, 1993a). Yun and Kyriakides(1990) and Meyersohn and O’Rourke (1991) concluded 
that D/t and burial depth (H) dominate the buckling behavior of buried pipelines. 
2.8.1.2.1. Local buckling 
Large diameter pipelines buried in deeper trenches behave more like shells and the pipelines 
that have large D/t and deep burial depth tend to buckle in local (shell) buckling mode. Hall and 
Newmark (1977) proposed that compressional wrinkling within a pipe begins at a strain of 1/3 
to 1/4 of the theoretical value of εtheory by performing laboratory tests on thin walled cylinders. 
𝜀𝑡ℎ𝑒𝑜𝑟𝑦=0.6 (
𝑡
𝑅
)                                                            (2.18) 
where t is pipe wall thickness and R is the pipe radius. According to Hall and Newmark (1977), 
the equation of critical strain for wrinkling becomes: 
0.15 (
𝑡
𝑅
) ≤ 𝜀𝑐𝑟≤0.20(
𝑡
𝑅
)                                                     (2.19) 
Zhou and Murray (1993a) described a concept for shell buckling by considering a cylindrical 
shell under axial load and bending. The compressive region on the cross-section of pipe is 
confined to the compressive side when the response of pipe is governed by flexural deformation 
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and therefore, buckling occurs on the compressive side. The compressive region expands over 
most of the circumference when a significant compressive axial load is applied and thus, 
buckling extends over most of the cross-section (Zhou and Murray,1995).  
Brush and Almroth (1975) used linear elastic buckling theory to evaluate the buckling behavior 
of shell structures and proposed an equation for calculating critical stress for buckling: 
𝜎𝑐𝑟=
𝐸
√3(1 − 𝜗2)
(
𝑡
𝑅
)                                                         (2.20) 
If υ is taken as 0.3, the equation above becomes: 
𝜎𝑐𝑟=0.605𝐸 (
𝑡
𝑅
)                                                           (2.21) 
Brazier (1926) used an equation to find the nonlinear collapse moment for an infinitely long 
cylinder: 
𝑀=
2√2
9
𝐸𝜋𝑅𝑡2
√(1 − 𝜗2)
                                                         (2.22) 
Critical buckling stress caused by this moment is calculated by using the undistorted cross-
section properties and υ=0.3: 
𝜎𝑐𝑟=0.33𝐸 (
𝑡
𝑅
)                                                           (2.23) 
According to Zhou and Murray (1993a); for practical reasons, the critical buckling stress for a 
cylinder under bending can be taken as the critical buckling stress for a cylinder under uniform 
axial load which is: 
𝜎𝑐𝑟=0.605𝐸 (
𝑡
𝑅
)                                                          (2.24) 
and critical strain can be computed as: 
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𝜀𝑐𝑟=0.605(
𝑡
𝑅
)                                                        (2.25) 
Gresnigt (1986) proposed an empirical formulation to calculate the critical local buckling strain, 
taking into account internal pressure effect: 
𝜀𝑐𝑟=0.5 (
𝑡
𝐷
) − 0.0025 + 3000 [
(𝑃𝑖 − 𝑃𝑒)𝐷
2𝑡𝐸𝑠
]
2
                               (2.26) 
where t=pipe wall thickness, D=pipe diameter, Pi= internal pressure, Pe=external pressure, and 
Es=secant modulus. 
In 1984 ASCE Guidelines, strain value of 0.3 (
𝑡
𝐷
) to 0.6 (
𝑡
𝐷
) were suggested as a strain limit 
related to the onset of wrinkling of gas and oil pipelines.  The 2001 ALA Guidelines and the 
2005 ALA Water Pipeline Guidelines suggested the modification to the equation proposed by 
Gresnigt (1986) for the normal operability performance goal. A strain limit of 1.76(
𝑡
𝐷
)  is 
suggested for the pressure integrity performance goal.  
Gregnist (1986) firstly proposed a design equation for estimating the local buckling strain: 
𝜀𝑐𝑟=0.5 (
𝑡
𝐷
) − 0.0025 + 3000(
𝜎ℎ
𝐸
)
2
                                     (2.27) 
where σh is hoop stress which is dependent on the level of internal pressure p: 
𝜎ℎ=
{
 
 
 
 
𝑝𝐷
2𝑡
           ,        𝑖𝑓 
𝑝𝐷
2𝑡𝜎𝑦
≤ 0.4 
0.4𝜎𝑦       ,        𝑖𝑓
𝑝𝐷
2𝑡𝜎𝑦
> 0.4 
                                        (2.28) 
The equation proposed by Gresnigt (1986) has been adopted by the Canadian Standard 
Association, CSA-Z662. 
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Eurocode 8, Part 4 (2006) recommended an allowable compressive strain for the pipeline equal 
to the minimum value of 1% and  40
𝑡
𝐷
 (%). 
𝜀𝑐𝑟 = 𝑚𝑖𝑛 (1%;  40
𝑡
𝐷
 (%) )                                         (2.29) 
For example, the critical buckling strain (𝜀𝑐𝑟) for a steel pipeline with 1 m diameter, 10 mm 
wall thickness, and 490 MPa of yield strength can be calculated as follow considering Equation 
2.27 and Equation 2.29. The operation pressure (p) is taken as 7 MPa for this example. Hoop 
stresses (𝜎ℎ) in the pipe can be calculated by using Equation 2.28. 
According to Equation 2.27 and Equation 2.28, 
𝑝𝐷
2𝑡𝜎𝑦
=
7 × 1
2 × 0.01 × 490
= 0.714 > 0.4                                (2.30) 
𝜎ℎ = 0.4 × 𝜎𝑦 = 196 𝑀𝑃𝑎                                                (2.31) 
 𝜀𝑐𝑟=0.5 (
𝑡
𝐷
) − 0.0025 + 3000(
𝜎ℎ
𝐸
)
2
   
= 0.5 × (0.01) − 0.0025 + 3000 × (
196
210000
)
2
                                         (2.32) 
𝜀𝑐𝑟= 0.0051                                                                  (2.33) 
According to Eurocode 8, Part 4 (2008), 
𝜀𝑐𝑟 = 𝑚𝑖𝑛(0.01;  40 × 0.01 (%) ) = 𝑚𝑖𝑛(0.01;  0.4 (%) )         (2.34) 
𝜀𝑐𝑟= 0.004                                                                    (2.35) 
2.8.1.2.2. Beam buckling 
Smaller diameter pipelines that are buried in relatively shallow trenches and/or backfilled with 
loose material tend to behave like beams. The small diameter pipelines that have small D/t tend 
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to buckle in a beam mode. Several factors such as the bending stiffness and burial depth of the 
pipe and initial imperfection have an influence on the occurrence of beam buckling. Many 
analytical studies have been performed to understand beam buckling behavior of buried 
pipelines (Marek and Daniels, 1971; Hobbs, 1981; Kyriakides et al., 1983; Ariman and Lee, 
1991; Meyersohn, 1991). Meyersohn (1991) obtained the relationship between critical cover 
depth and t/D ratio for sands having different relative density. The relationship between Grade 
B steel and X-60 steel is illustrated in Figure 2.27. If the cover depth is less than the critical 
depth, the buried pipelines would experience beam buckling before local buckling. As opposed 
to local buckling, beam buckling induces less strains in the pipe and reduces the potential for 
tearing of the pipe wall. Thus, beam buckling of the pipeline is considered more desirable than 
local buckling (O’Rourke and Liu, 2012).  
 
a) 
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Figure 2.27. Analytical critical depth of pipe for a) Grade B and b) X-steel (Meyersohn, 
1991) 
2.8.1.3. Distortion of pipeline cross-section 
It is essential to avoid excessive distortions of the pipeline cross-section in order to sustain the 
serviceability of the pipeline. There is an effective and simple measure of cross-sectional 
distortions that is ovalization. The ovalization of a pipe cross-section is evaluated by flattening 
parameter (𝑓𝑜𝑣𝑎.) defined in terms of the change of pipe diameter ∆𝐷 as follows: 
𝑓𝑜𝑣𝑎.= (
∆𝐷
𝐷
)                                                                      (2.36) 
Figure 2.28 illustrates the schematic sketch showing maximum and minimum pipe diameter 
after ovalization. 
 
Figure 2.28. The schematic sketch showing maximum and minimum pipe diameter after 
ovalization 
b) 
2-59 
 
According to Gresnigt (1986), the limit state for a cross-sectional flattening is reached when 
𝑓𝑜𝑣𝑎. is equal to 0.15. The suggestion for the flattening limit state is also adopted by the Dutch 
specification NEN 3650.  
2.9. Seismic Mitigation Techniques 
Pipelines need to be protected against the consequences of PGDs and employment of relevant 
techniques is essential to design earthquake-resistant pipelines. It is, as a thumb rule, suggested 
to avoid pipeline-PGD zone crossings when selecting a route but it is often not possible in 
seismically active regions. It is advisable to avoid sharp bends close to the fault crossings as 
they increase axial strains within the pipeline. In addition to these considerations, further 
mitigation techniques are required to protect pipelines against the PGDs, resulting in 
minimization of the potential of pipeline failure. The mitigation techniques are grouped into 
three different categories depending on the way of protection: pipe-soil friction reduction, pipe 
strengthening, and other techniques. 
2.9.1. Soil-pipe friction reduction techniques 
Pipelines are subjected to axial friction forces at the pipeline-soil interface when they cross 
PGD zones. The friction forces lead to the development of axial pipe strains. To minimize the 
friction at the soil-pipeline interface results in a reduction in the strains in the pipe wall. There 
are several methods to reduce friction forces developing due to relative soil-pipe displacements 
and these are summarised in Table 2.7. 
Table 2.7. Soil-pipe friction reduction techniques in the vicinity of fault crossings  
Mitigation 
Techniques 
Description Benefits References 
Geotextile 
Pipelines are 
wrapped with 
friction-reducing 
geotextiles (Figure 
2.29a). 
Geotextile reduces the friction 
between the soil and pipelines. This 
results in an increase in the 
anchorage length which means that 
localization of axial strains can be 
avoided. 
Gantes and 
Bouckovalas, 
2013 
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Pumice 
Pumice is used to 
backfill the trench 
(Figure 2.29b). 
Loose granular soils such as pumice 
will reduce soil stiffness 
consequently soil-pipe friction 
forces. The anchorage length 
increases and localization of axial 
strains can be avoided. 
Gantes and 
Bouckovalas, 
2013 
Trench 
Enlargement 
The trench 
dimensions are 
increased to let 
pipeline deform 
freely (Figure 
2.31a-b). 
Wider trenches allow pipelines to 
deform freely which results in 
pipeline deformations develop over a 
longer length. Consequently, strain 
localization can be avoided. 
Gantes and 
Melissianos, 
2016 
Geocells 
and 
Geogrids 
Geogrids and 
geocells are used 
to reduce the 
friction between 
the soil and 
pipelines 
Geocells and geogrids are placed 
above the pipeline in the trench to 
reduce pipe strains developing due to 
soil-pipe friction 
Gantes and 
Melissianos, 
2016 
Geofoam 
Geofoams are used 
instead of using 
soil backfill over 
pipelines 
Geofoams are placed in the trench 
above the pipeline. They have a very 
low weight. This will decrease the 
applied horizontal and vertical forces 
on the pipeline. Consequently, it 
reduces pipe strains 
Barlett et al., 
2015 
Culvert 
Pipelines are 
placed within 
concrete culverts 
and no backfill soil 
is used (Figure 
2.30a-b). 
There are no soil-pipe friction forces 
due to the lack of backfill soil within 
the culvert. Consequently, the 
application of the culverts results in 
the reduction of pipeline strains. 
Gantes and 
Melissianos, 
2016 
 
2.9.2. Pipe Strengthening  
Increasing pipe strength is the second category of pipeline protection techniques against the 
consequences of PGDs. The pipe strength is increased by wrapping the pipe with composite 
wraps, increasing the pipe wall thickness or increasing the steel grade. These techniques and 
their benefits are summarised in Table 2.8.  
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Table 2.8. Pipe strengthening techniques in the vicinity of fault crossings  
Mitigation 
Techniques 
Description Benefits References 
Composite Wraps 
Pipelines are 
wrapped with 
composite wraps. 
Composite wraps provide 
additional strength to pipelines. 
Consequently, the pipe strains 
get decreased. 
Mokhtari and 
Alavi Nia, 2015; 
Trifonov and 
Cherniy, 2016 
Wall thickness 
increase 
Wall thicknesses of 
pipelines are 
increased. 
The increase in the wall 
thickness results in the increase 
in bending and elongation 
rigidity of pipelines. Hence, 
this will reduce the bending 
and axial pipe deformations. 
Gantes and 
Bouckovalas, 
2013; Karamanos 
et al., 2014 
Steel grade 
upgrade 
Steel grade of 
pipelines is 
upgraded. 
Upgrading steel grade 
increases the pipeline stiffness, 
resulting in a decrease in pipe 
strains. 
Gantes and 
Bouckovalas, 
2013; Karamanos 
et al., 2014 
 
 
Figure 2.29. a) Pipe wrapping with geotextile, b) pumice backfilling 
 
 
a) b) 
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Figure 2.30. a) Plan and section view of pipe placement within concrete culverts, a) before 
faulting and b) after faulting 
 
Figure 2.31. Plan and section view of, a) pipe placement within typical trench (before and 
after faulting), b) pipe placement within wide trench (before and after faulting) 
a) b) 
a) 
b) 
Before faulting After faulting 
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2.9.3. Other Mitigation Techniques 
The seismic mitigation techniques that cannot be included in the first or second category are 
called other mitigation techniques herein. These mitigation techniques are summarised in Table 
2.9. 
Table 2.9. Other mitigation techniques in the vicinity of fault crossings 
Mitigation 
Techniques 
Description Benefits References 
Flexible 
Joints 
Flexible joints are linked 
between adjacent pipe 
parts at fault crossing 
zones (Figure 2.32a-b). 
Flexible joints are capable of 
absorbing rotations at the joints and 
consequently, pipe segments remain 
unstressed and undeformed. 
Melissianos 
et al., 2016 
Protective 
device 
A protective device is 
used.  
A protective device applies external 
hydrostatic pressure on the pipeline. 
This will help to avoid local 
buckling. 
Zhang et al., 
2016 
Above 
ground pipe 
Pipelines are placed above 
the ground in the vicinity 
of fault crossings (Figure 
2.33). 
Pipelines are placed above the 
ground on the appropriate supports. 
Hence, pipelines are not subjected to 
soil movements during faulting. 
Honegger 
and Nyman, 
2004 
Localized 
buckling 
pattern  
A predefined buckling 
pattern (local buckling of 
pipe wall at specified 
sections) is created.  
The predefined buckling pattern 
allows controlling the location and 
mode of pipe failure and increases 
the critical fault displacement. 
Hasegawa et 
al., 2014 
  
 
Figure 2.32. Plan view of pipe placement within concrete culverts, a) before faulting, b) after 
faulting 
a) b) 
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Figure 2.33. The pipeline on slider supports where it crosses the Denali fault (Source: 
https://earthquake.usgs.gov/eqcenter/eqinthenews/2002/uslbbl/photos/pr071102/new/PICT00
72.JPG) 
2.9.4. Use of Tyre Derived Aggregates (TDA) for geotechnical engineering applications 
Tyre derived aggregate (TDA) is a more flexible, compressible and lightweight material 
compared to stiffer traditional sand backfill so that the use of TDA as backfill material reduces 
the earth pressure imposed on buried structures and retaining structures. Thanks to its beneficial 
characteristics, it has been used in many geotechnical engineering application as lightweight 
backfills, highway embankments, backfill materials, retaining structures and soil reinforcement 
(Upton and Machan, 1993; Lee et al., 1999; Tweedie et al., 1998; Shalaby et al., 2005; Yoon et 
al, 2008; Hazarika et al., 2010; Tanchaisawat et al., 2010).  
TDA material was also used for many pipeline applications as reviewed in the literature. 
Uchimura et al. (2008) performed a series of shaking table tests on a scaled model of buried 
pipeline placed in tyre derived aggregate (TDA) and Toyoura sand. The mixture of TDA and 
Toyoura sand showed substantially larger liquefaction resistance compared to the backfill with 
pure Toyoura sand. Consequently, the increase in liquefaction resistance resulted in a decrease 
in floating up of the model pipes. They also performed a series of undrained tri-axial cyclic 
loading tests to assess the liquefaction resistance of the mixture of TDA and Toyoura sand. The 
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tri-axial test results confirmed that the mixture had larger liquefaction resistance than the pure 
sand had. 
Meguid and Youssef (2018) performed a series of scale-model tests to measure the earth 
pressure distribution on a rigid pipe buried in granular material and backfilled with TDA. Figure 
2.34 shows the schematic of a buried pipe overlain by a layer of TDA backfill and this trench 
installation was used in their experimental study. The results showed that the trench 
configuration with TDA was successful in reducing vertical loads acting on the buried pipe. 
The average measured earth pressure above the pipe crown was almost as low as 30% of the 
overburden pressure developing with the use of granular material as backfill. Substantial radial 
pressure reduction (77%) at the invert of the pipe was observed with the introduction of the soft 
TDA zone. 
 
Figure 2.34.  A schematic sketch of a buried pipe overlain by a layer of TDA backfill (Trench 
installation used in the work of Meguid and Youssef, 2018) 
Ni et al. (2018) conducted a plane-strain finite element simulation to assess the performance of 
using the TDA backfill for rigid pipes. They concluded that TDA can reduce the loads on rigid 
pipes similar to other compressible materials such as sawdust and geogrid. They also carried 
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out a parametric study to optimise the design including relative stiffness between soil and TDA, 
the spacing between the TDA zone and the pipe, and the geometry of the TDA zone. The 
numerical analysis results showed that the earth pressure at the pipe crown and invert was 
significantly reduced, however, lateral pressure at the springline of the pipe was slightly 
decreased. The increase of the width of the TDA zone reduced earth pressures around the pipe 
but the change in the thickness of the TDA zone did not influence the earth pressures. A higher 
relative stiffness between the soil and the TDA resulted in a reduction of earth pressures as 
more significant positive arching effect occurs with increasing relative stiffness between the 
soil and the TDA.  
TDA material was used for improving the performance of buried pipelines crossing active faults 
in the literature. Sim et al. (2012) performed a series of 1g shake table tests modelling buried 
pipelines crossing a vertical fault. The model pipelines were buried in dry Toyoura sand as well 
as a TDA backfill trench surrounded by Toyoura sand. Figure 2.35 shows a schematic 
illustration of TDA trench sizing in their study. The test setup allowed seismic shaking and 
faulting to be applied simultaneously. The test result indicated that the introduction of TDA 
backfill trench around the pipe reduced the bending moments developed due to simultaneous 
seismic shaking and faulting for maximum fault displacements less than the pipe diameter and 
maximum acceleration less than or equal to 0.5g by up to 74%.     
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Figure 2.35.  A schematic illustration of TDA trench sizing in the work of Sim et al. (2012) 
(pipe diameter is 0.02m and TDA trench size is 0.035m x 0.035m) 
Ni et al. (2018) performed a numerical study to investigate the potential of using TDA as a 
backfill material for seismic mitigation of buried pipelines. They carried out a comparative 
study to assess the performance of TDA backfill compared to other conventional techniques 
such as upgrading pipe material grade, replacing native soils with loosely compacted soils, 
reducing the burial depth and increasing the pipe wall thickness. They also investigated the 
effect of trench slope, native soils, burial depth, pipe strength, pipe wall thickness and fault 
crossing angle on the seismic mitigation technique. A schematic illustration of  TDA trench 
sizing in the work of Ni et al. (2018) is shown in Figure 2.36. The numerical results showed 
that using a TDA backfill trench is more effective than other conventional mitigation techniques 
including burying the pipe at a shallower depth, replacing native soils, increasing the pipe wall 
thickness and upgrading the pipe material grade. The optimum fault crossing angle for the TDA 
mitigation technique to minimize pipe strains was found to be 90°. Enlarging the TDA trench 
minimized the interaction between the surrounding native ground outside the trench and buried 
pipes. Consequently it improved the capacity of buried pipelines crossing faults. 
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Figure 2.36.  A schematic illustration of TDA trench sizing in the work of Ni et al. (2018), a) 
vertical trench wall, b) trench wall inclined at 3:1, and c) trench wall inclined at 3:2 
2.10. Summary 
Past earthquakes have shown that there are still pipeline failures and this proves the 
shortcomings of the current design methodologies. Hence, analytical methodologies, numerical 
models and experimental studies have been carried out to improve our understanding of the 
soil-pipe interaction problem under PGDs as well as to improve current design methodologies. 
The advantages and disadvantages of analysis methods are expressed to highlight the research 
gaps in the field. Performance-based design (strain-based design) criteria are summarised and 
seismic mitigation techniques are discussed to better understand how to design pipelines 
according to performance limits and how to mitigate the effects of PGDs on pipeline 
performance. 
As reviewed in the literature, limited numbers of 1g small-scale tests of buried pipelines 
crossing active faults were performed considering relevant scaling laws and governing non-
dimensional groups. In this study, relevant scaling laws and governing non-dimensional groups 
are obtained and a new experiment setup of buried continuous pipelines crossing strike-slip 
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faults is developed considering the scaling laws and governing non-dimensional groups. Model 
pipelines were fixed or pinned to model boxes in earlier experimental works. As pipe ends are 
restrained to the model boxes, extra axial strains within pipelines are developed. In this study, 
a new type of end connector is proposed to realistically simulate pipe end conditions under 
faulting. The performance of the proposed end connectors is assessed through model tests and 
numerical analysis. Furthermore, tyre derived aggregates (TDA) were used in many 
geotechnical applications particularly pipelines buried beneath embankments, pipelines buried 
in sites prone to seismic liquefaction and pipelines crossing faults. There are limited numbers 
of experimental studies to assess the mitigation performance of the use of TDA trenches for 
buried pipelines crossing active faults. In this study, model tests are performed to examine the 
mitigation performance of TDA trenches for buried continuous pipelines crossing strike-slip 
faults.  The effect of trench dimensions on the performance of the mitigation technique is also 
investigated. As seen in the literature, convergence problems associated with numerical 
difficulties particularly for cohesionless soils occur when modelling soil-pipe interaction under 
faulting by using ABAQUS/Standard. Numerical models by using the ABAQUS/Explicit 
module are developed to deal with the numerical difficulties and the developed models are 
validated through analytical methods, case studies and experiments. 
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3. Scaling Laws and Governing Non-Dimensional Groups of 
Buried Continuous Pipelines Crossing Active Faults 
3.1. Introduction 
One should consider two different critical aspects at the very first stage of physical modeling 
of soil-structure interaction problems: 1) Scaling laws and 2) governing non-dimensional 
groups. These aspects are very significant to be considered when designing a physical model 
of any soil-structure interaction problem. The response of prototypes to faulting can be 
predicted by small-scale models using relevant scaling laws and non-dimensional groups. This 
chapter presents loads acting on buried pipelines crossing active faults together with the 
derivation of relevant governing non-dimensional groups. Two methods are used to get the non-
dimensional groups: (a) governing differential equations and (b) conventional Buckingham-π 
3 
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theorem. Furthermore, the physical meaning and practical range of the derived non-dimensional 
groups are presented. Finally, discussion on the scaling laws and governing non-dimensional 
groups, and scaling consideration of the test setup are also presented. 
3.2. Loads acting on pipelines crossing active faults 
Figure 3.1 schematically explains the problem together with the standard way of modeling using 
the Winkler approach. Pipelines experience two types of loads due to fault displacements: (a) 
buried pipelines crossing strike-slip faults are subjected to lateral and axial soil reactions, (b) 
buried pipelines crossing normal/reverse faults are subjected to vertical and axial soil reactions.  
Pipelines bend at either side of faults (as shown in Figure 3.1a) and curved pipeline sections are 
therefore developed. Throughout the curved pipeline parts, lateral/vertical soil reaction 
(𝑃𝑢 , 𝑄𝑢 , 𝑄𝑑) occurs at the pipeline-soil interface due to relative displacements between the soil 
and pipeline (Figure 3.1a). 
Pipelines pull away from the soil surrounding them during fault movements. Due to that, 
relative displacements between soil and pipeline develop. Consequently, axial pipe-soil friction 
force (Tu) along the pipeline-soil interface occurs (Figure 3.1a). At anchor points, this friction 
force becomes zero. 
These axial + lateral soil-pipe interactions and axial + vertical soil-pipe interactions are modeled 
using axial (T-x), lateral (P-z) and vertical (Q-y) soil springs as shown in Figure 3.1b-c. Anchor 
points are specified considering unanchored length (La) and these points are pinned. The force-
displacement relationships for lateral, axial and vertical soil springs are shown in Figure 3.1d.   
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a) 
b) 
c) 
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Figure 3.1. a) Forces acting on pipelines crossing strike-slip faults, b) the schematic 
illustration of a simple numerical model of buried continuous pipelines crossing strike-slip 
faults, c) the schematic illustration of a simple numerical model of buried continuous 
pipelines crossing normal/reverse faults and d) force-displacement relationships for lateral 
(z-direction), axial (x-direction) and vertical (y-direction) soil springs 
3.3. Derivation of non-dimensional groups by governing differential equations 
Buried pipelines crossing active faults can be modeled as a beam on elastic foundations. Steel 
pipelines in the field have a small cross-sectional area compared to distances along its axis i.e. 
distance between supports. Therefore, they can be considered as slender beams and Euler-
Bernoulli beam approach rather Timoshenko beam approach can be used to model these 
pipelines. Arany et al. (2015) showed that the Timoshenko beam model does not improve the 
results significantly and Euler-Bernoulli beam approach may be sufficient for slender beams. 
The soil surrounding pipelines is also assumed to be uniform. The governing differential 
equation of pipelines crossing active faults is very similar to the axially and laterally loaded 
beams on elastic uniform support. Therefore, an example of axially and the laterally loaded pile 
is given in Appendix A to understand the non-dimensional groups governing the pile behavior. 
The governing non-dimensional groups for the buried continuous pipelines crossing active 
faults are derived in the following section considering the example of axially and laterally 
loaded piles.   
d) 
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3.3.1. Pipeline Case 1 – Buried pipelines crossing active faults (Axially and laterally 
loaded pipelines) 
The governing non-dimensional groups for the case of pipelines crossing strike-slip faults can 
be obtained by using the same methodology as in axially and laterally loaded pile cases (given 
in  Appendix A). Figure 3.2a shows the deflected shape of a pipeline crossing a strike-slip fault. 
𝐴𝐴’ and 𝐶’𝐶 parts of the pipeline are straight parts and 𝐴’𝐶’ part is a curved part. The pipeline 
and fault trace intersects at Point B. Maximum axial force (𝑃0) in the pipeline develops at this 
intersection point and 𝑃0 decreases with the distance due to soil pipe friction forces and it 
reaches zero at anchor points (A and C).   
 
 
 
Figure 3.2. a) The deflected shape of a pipeline crossing a strike-slip fault, b) axial force 
a) 
b) 
Initial position of the pipeline 
Deflected shape of the pipeline 
Fault trace 
A B C 
Axial Force  
c) 𝑑𝑥 
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distribution along the pipeline, c) body diagram of pipe section in a red dashed circle  
Using the body diagram of the pipe section (given in Figure 3.2c), Equation 3.1 can be obtained 
from moment equilibrium: 
𝑑𝑀(𝑥)
𝑑𝑥
+ 𝑃(𝑥)
𝑑𝑦
𝑑𝑥
− 𝑄(𝑥) = 0                                                 (3.1) 
where 𝑀(𝑥), 𝑃(𝑥), and 𝑄(𝑥) are the bending moment, the axial force and the shear force along 
the buried pipe which are dependent on the distance along the pipe. These section forces can be 
written as: 
𝑀(𝑥) = 𝐸𝐼
𝑑2𝑦
𝑑𝑥2
                                                               (3.2) 
𝑃(𝑥) = 𝑃𝑥 = 𝑃0 −∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
                                            (3.3) 
𝑑𝑄(𝑥)
𝑑𝑥
= −𝑘(𝑥) ∙ 𝑦                                                    (3.4) 
where 𝐸𝐼 is bending stiffness of the pipe, 𝑃0 is an axial force at pipe-fault intersection, 𝑓(𝑥) is 
friction per unit length of the pipe, 𝑘(𝑥) is the modulus of subgrade reaction, and 𝑦 is the 
deflection of the pipe. 
The friction between pipe surface and the soil 𝑓(𝑥), is defined using 𝑓1 and 𝑓2 parameters as in 
Equation 3.5 and it is assumed that the sum of these parameters is equal to 1 (Equation 3.6). 
𝑓(𝑥) =
2𝑃0(1 − 𝜇)
𝐿
[𝑓1 + (𝑓2 − 𝑓1)
𝑥
𝐿
]                                  (3.5) 
𝑓1 + 𝑓2 = 1 (𝑎𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)                                        (3.6) 
where 𝑓1 and  𝑓2 are defined at the top and the bottom of the pipe respectively. 
The pipeline is assumed to be buried in homogenous soil media and at a constant burial depth. 
Therefore, uniform soil pipe friction occurs along the pipe circumference which means 
𝑓1=𝑓2=0.5. The ratio of the applied load supported by end bearing at the base of the pipe (𝜇) 
can be expressed as in Equation 3.7. 
𝜇 =
𝑃0 − 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑃0
                                                   (3.7) 
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where, 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  is the load supported by shaft friction. When 𝜇=1, solely end bearing, 𝜇=0, 
purely pipe skin frictional resistance. The end bearing force (μP0) is zero at anchor points. 
Consequently, the pipeline is subjected to purely skin friction resistance (𝜇 = 0). 
The governing equation of the pipe-soil system can be reproduced as in Equation 3.8. 
  
𝐸𝐼
𝑑4𝑦
𝑑𝑥4
+ [𝑃0 −∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝑑2𝑦
𝑑𝑥2
− 𝑓(𝑥)
𝑑𝑦
𝑑𝑥
+ (𝑘1 + 𝑛ℎ𝑥) ∙ 𝑦 = 0            (3.8) 
A non-dimensional coordinate 𝜉 is introduced as in Equation 3.9 and Equation 3.10.   
𝑥 =
𝜉
𝛼
+ 𝐿                                                                (3.9) 
𝜉 = (
𝑘1 + 𝑛ℎ𝐿
𝐸𝐼
)
0.25
(𝑥 − 𝐿) = 𝛼(𝑥 − 𝐿)                              (3.10) 
where 𝑘1 is soil stiffness at the pipe-fault intersection, 𝑛ℎis the increase rate of stiffness with 
depth. 𝑛ℎ can be assumed to be equal to zero in this case. 
Then, generally, Equation 3.11 - 3.14 can be expressed. 
𝑑𝑛𝑦
𝑑𝑥𝑛
= 𝛼𝑛
𝑑𝑛𝑦
𝑑𝜉𝑛
                                                               (3.11) 
𝐸𝐼𝛼4
𝑑4𝑦
𝑑𝜉4
+ [𝑃0 −∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝑑2𝑦
𝑑𝜉2
𝛼2 − 𝑓(𝑥)
𝑑𝑦
𝑑𝜉
𝛼 + (𝑘1 + 𝑛ℎ (
𝜉
𝛼
+ 𝐿)) ∙ 𝑦 = 0     (3.12) 
𝑑4𝑦
𝑑𝜉4
+
[𝑃0 − ∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝑑2𝑦
𝑑𝜉2
𝛼2 ∙ 𝐸𝐼
−
𝑓(𝑥)
𝑑𝑦
𝑑𝜉
𝛼3 ∙ 𝐸𝐼
+
(𝑘1 + 𝑛ℎ (
𝜉
𝛼 + 𝐿))
𝛼4 ∙ 𝐸𝐼
∙ 𝑦 = 0            (3.13) 
𝑑4𝑦
𝑑𝜉4
+ (𝜇𝛽 − 2𝑊𝜉 − 𝑉𝜉2)
𝑑2𝑦
𝑑𝜉2
+ (2𝑊 + 2𝑉𝜉)
𝑑𝑦
𝑑𝜉
+ (1 + 𝛾𝜉) ∙ 𝑦 = 0            (3.14) 
where:  
𝑉 =
(1−𝜇)(𝑓2−𝑓1)𝛽
𝜆
, 𝑊 =
(1−𝜇)𝑓2𝛽
𝜆0.5
, 𝛽 =
𝑃0
𝛼2𝐸𝐼
, 𝜆 = √
𝑘2𝐿
4
𝐸𝐼
, 𝛾 =
𝑛ℎ
𝛼𝑘2
  
Based on these assumptions that are made above, W, V and γ are calculated as:  
𝑊 =
(1 − 0) ∙ 0.5 ∙ 𝑃0
𝛼3𝐸𝐼𝐿𝑎
                                                     (3.15) 
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𝑉 = 0 
𝑛ℎ = 0, 𝛾 = 0 (uniform friction along the pipeline) 
Consequently, the governing equation of this problem can be written in terms of non-
dimensional groups as follow:  
𝑑4𝑦
𝑑𝜉4
− (
2 ∙ 0.5 ∙ 𝑃0
𝛼3𝐸𝐼𝐿𝑎
𝜉)
𝑑2𝑦
𝑑𝜉2
+ (
2 ∙ 0.5 ∙ 𝑃0
𝛼3𝐸𝐼𝐿𝑎
)
𝑑𝑦
𝑑𝜉
+ (
𝑘
𝛼4𝐸𝐼
) ∙ 𝑦 = 0               (3.16) 
 
where 𝑃0 = 𝑇𝑢 ∙ 𝐿𝑎, 𝑇𝑢 is ultimate axial friction force per unit length, 𝐿𝑎 is the un-anchorage 
length, 𝐸𝐼 is bending stiffness of the pipe and 𝑘 is soil stiffness in the lateral direction.  
Non-dimensional groups (𝜃1, 𝜃2, 𝜃3) are given below:  
𝜃1 =
2 ∙ 0.5 ∙ 𝑃0
𝛼3𝐸𝐼𝐿𝑎
𝜉 =
2 ∙ 0.5 ∙ 𝑇𝑢 ∙ 𝐿𝑎
𝛼3𝐸𝐼𝐿𝑎
𝜉 =
𝑇𝑢(𝑥 − 𝐿𝑎)
𝛼2𝐸𝐼
=
𝑷𝒙𝑫
𝟐
𝑬𝑰
                  (3.17) 
𝑃𝑥 = 𝑃0 −∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
= |𝑇𝑢(𝑥 − 𝐿𝑎)|                                    (3.18) 
𝜃2 =
2 ∙ 0.5 ∙ 𝑃0
𝛼3𝐸𝐼𝐿𝑎
=
2 ∙ 0.5 ∙ 𝑇𝑢 ∙ 𝐿𝑎
𝛼3𝐸𝐼𝐿𝑎
=
𝑇𝑢
𝛼3𝐸𝐼
=
𝑻𝒖𝑫
𝟑
𝑬𝑰
                      (3.19) 
𝜃3 =
𝑘
𝛼4𝐸𝐼
=
𝒌𝑫𝟒
𝑬𝑰
                                               (3.20) 
where the unit of 𝛼 is 1/𝑚. Consequently, we can put 1/𝐷 or 1/𝐿 instead of 𝛼.  
3.3.2. Pipeline Case 2 – Axially loaded pipelines 
As mentioned in the earlier section, two different parts of pipelines occur when pipelines are 
subjected to faulting: (a) curved part, and b) straight part. These parts are schematically shown 
in Figure 3.3. Figure 3.3 shows the deflected shape of a pipeline crossing a strike-slip fault with 
fault crossing angle (β) and free body diagram of the pipeline segment in the red dashed square 
(in straight part).     
𝜃1 𝜃2 𝜃3 
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Figure 3.3. The schematic sketch showing a pipeline crossing a strike-slip fault with fault 
crossing angle (β), and the free body diagram of the pipeline segment in the straight length 
Figure 3.4 shows a free body diagram of the pipe segment in the red dashed zone. The equation 
of motion of the pipe segment in the straight part of the pipeline is obtained by using equilibrium 
equations for the pipe segment. The equilibrium equation is written as: 
𝑄𝑥 = 𝑄𝑥 + 𝑑𝑄𝑥 + 𝜏 × 𝐶 × 𝑑𝑥                                        (3.21) 
−
𝑑𝑄𝑥
𝑑𝑥
= 𝜏 × 𝐶                                                                (3.22) 
where 𝑄𝑥 is internal axial pipe force at x distance from the anchor point, 𝜏 is soil unit skin 
friction along the pipe segment and 𝐶 is the circumference of the pipe segment. 
 
Figure 3.4. Free body diagram of the pipe segment in red dashed zone 
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The development of internal axial forces in the pipeline due to axial deformation of the pipe 
segment can be described by using the following equation, which is for axially loaded beams. 
𝑄𝑥 = −𝐸𝐴
𝑑𝑢𝑥
𝑑𝑥
                                                            (3.23) 
where E is Young’s modulus of the pipe segment, A is the cross-sectional area of the pipe 
segment and 𝑢𝑥 is the displacement of the pipe segment due to applied loads. 
The following governing differential equation for this soil-pipe interaction problem can be 
obtained by differentiating Equation 3.23 by x and substituting into Equation 3.22. 
−𝐸𝐴
𝑑2𝑢𝑥
𝑑𝑥2
= −𝜏 × 𝐶                                                     (3.24) 
−𝐸𝐴
𝑑2𝑢𝑥
𝑑𝑥2
+ 𝜏 × 𝐶 = 0                                                (3.25) 
Non-dimensional group, that govern the stability of axially loaded beam, can be expressed as 
follow: 
𝜃4 =
𝜏 × 𝐶
𝐸𝐴
                                                             (3.26) 
where  
𝜏 = 𝑇𝑢, 𝐶 = 𝜋 × 𝐷 
The equation can be arranged as follow: 
𝜃4 =
𝑻𝒖 ×𝑫
𝑬𝑨
                                                                 (3.27) 
3.4. Obtaining non-dimensional groups using Buckingham-π Theorem 
Traditionally, engineers use the Buckingham-𝜋 theorem to obtain non-dimensional groups 
governing the behaviour of physical models. Dimensional analysis is commonly used to deduce 
elements of the form of a theoretical relationship from consideration of parameters and 
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variables that make up that relationship. The basic of the concept is that any physical problem 
can be described by a dimensionally consistent equation that links the controlling parameters. 
Dimensional analysis is a way to create dimensionally homogeneous equations and these 
equations do not depend on the units of measurement. The principles of dimensional analysis 
are briefly explained as follow:  
Let us consider n number of dimensional variables such as 𝑞1,𝑞2,𝑞3,….., 𝑞𝑛,  which are 
physically relevant to a given problem and which are inter-related by a dimensionally 
homogeneous set of equations. This can be written in the following form of function: 
𝑓(𝑞1, 𝑞2, 𝑞3, … , 𝑞𝑛) = 0  𝑜𝑟 𝑞1 = (𝑞2, 𝑞3, … , 𝑞𝑛) 
If 𝑙 is the number of fundamental dimensions (𝑀: mass, 𝐿: length, 𝑇: time) required to describe 
𝑛 number of variables, then there are 𝑙 primary variables and the remaining 𝑘 =  (𝑛 − 𝑙) 
variables can be stated as (𝑛 − 𝑙) dimensionless and independent quantities or π terms, 𝜋1, 𝜋2, 
𝜋3,…, 𝜋𝑛−𝑙. The functional relationship can be deduced to the form: 
𝜑(𝜋1, 𝜋2, 𝜋3, … , 𝜋𝑛−𝑙) = 0  𝑜𝑟 𝜋1 = 𝜑( 𝜋2, 𝜋3, … , 𝜋𝑛−𝑙)
 
3.4.1. Pipelines crossing Strike-Slip Faults 
Step 1: Selection of variables or parameters that affect the pipeline response to faulting 
(pipeline strains): 
𝜀 = 𝑓(𝐷, 𝑡, 𝐸𝑝𝐼𝑝, 𝑘, 𝛿, 𝐻, 𝑝, 𝜎𝑦 , 𝛽)                                           (3.28) 
where 𝐷 is pipe diameter, 𝑡 is pipe wall thickness, 𝐸𝑝𝐼𝑝 is pipe bending stiffness, 𝑘 is soil 
stiffness, 𝛿 is fault displacement, 𝐻 is pipe burial depth, 𝑝 is pipe pressure, 𝜎𝑦 is yield stress of 
the pipe material and 𝛽 is fault crossing angle. All these parameters are shown in Figure 3.5a-
b. 
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Figure 3.5. a) Schematic sketch of deflected shape of a pipeline crossing an active fault 
showing important parameters affecting pipeline behavior (e.g. longitudinal pipe strain) 
Step 2: Specification of dependent and independent parameters: 
Dependent variables: 𝜀 
Independent variables: 𝐷, 𝑡, 𝐸𝑝𝐼𝑝, 𝑘, 𝛿,𝐻, 𝑝, 𝜎𝑦, 𝛽  
𝑓1(𝜀, 𝐷, 𝑡, 𝐸𝑝𝐼𝑝, 𝑘, 𝛿,𝐻, 𝑝, 𝜎𝑦, 𝛽) 
Step 3: Specification of a total number of variables in the problem: 
Total number of variables (n) = 10 
Step 4: Definition of dimensions of the variables: 
Pipe strain (𝜀) = [𝑀]0[𝐿]0[𝑇]0, pipe Diameter (𝐷) = [𝐿]1, pipe wall thickness (𝑡) = [𝐿]1, pipe 
bending stiffness  (𝐸𝑝𝐼𝑝) = [𝑀]
1[𝐿]3[𝑇]−2, soil stiffness (𝑘) =  [𝑀]1[𝐿]−1[𝑇]−2, fault 
displacement (𝛿) = [𝐿]1, pipe burial depth (𝐻) = [𝐿]1, pipe pressure (𝑝) = [𝑀]1[𝐿]−1[𝑇]−2, 
the yield stress of the pipe material (𝜎𝑦) =  [𝑀]
1[𝐿]−1[𝑇]−2, fault crossing angle (𝛽) =
[𝑀]0[𝐿]0[𝑇]0. 
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Step 5: Specification of a number of fundamental dimensions for the problem: 
There are three fundamental dimensions for the problem (m) : [𝑀], [𝐿], [𝑇] 
Step 6: Calculation of a number of π terms: 
Number of π terms = n-m = 10-3 = 7 
Geometric property: 𝐷, 𝑡,𝐻 
Pipe Characteristics: 𝐸𝑝𝐼𝑝, 𝑝, 𝜎𝑦  
Fault Characteristics: 𝛿, 𝛽 
Soil property: 𝑘 
Step 7: Selection of repeating parameters: 
𝐷, 𝑘, 𝜎𝑦  are selected as repeating parameters and π terms can be written as follows: 
𝜋1 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝜀 
𝜋2 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝑡 
𝜋3 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝐸𝑝𝐼𝑝 
𝜋4 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝛿 
𝜋5 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝐻 
𝜋6 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝑝 
𝜋7 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝛽 
The details of the dimensional analysis are given in Appendix B. Non-dimensional groups 
obtained from the dimensional analysis can be summarised as follows: 
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𝛼1 = (
𝑫
𝒕
) , 𝛼2 = (
𝒌𝑫𝟒
𝑬𝒑𝑰𝒑
) , 𝛼3 = (
𝜹
𝑫
) , 𝛼4 = (
𝑯
𝑫
) , 𝛼5 = (
𝒑
𝝈𝒚
) , 𝛼6 = (𝜷) 
3.5. Summary of all the non-dimensional groups identified 
Non-dimensional groups derived from governing differential equations and obtained from 
Buckingham – π theorem are summarised in Table 3.1. The physical meaning of these non-
dimensional groups and remarks on them are given in Table 3.1. A detailed explanation of the 
physical meaning of these non-dimensional groups is presented in Section 3.6.  
Table 3.1. Summary of non-dimensional groups identified using governing differential 
equations and Buckingham – π theorem for studying soil-pipe interaction under faulting 
Name of the non-
dimensional group 
Physical Meaning Remarks 
(
𝑘𝐷4
𝐸𝐼
) 
The flexibility of the pipeline so 
as to have similar soil-structure 
interaction 
Small (kD4/EI) : rigid pipe behaviour                              
Large (kD4/EI) : flexible pipe behaviour  
(
𝑇𝑢 × 𝐷
3
𝐸𝐼
)  𝑜𝑟 (
𝑇𝑢 × 𝐷
𝐸𝐴
) Normalized soil pipe friction  
 
Axial pipe strains due to soil-pipe 
friction 
 
(
𝐷
𝑡
) 
The slenderness of the pipeline 
(affects pipeline failure mode) 
Large (D/t): shell buckling failure mode                          
Small (D/t): beam buckling failure mode 
(
𝐻
𝐷
) 
Non-dimensional burial depth 
(affects soil failure type) 
Small (H/D): wedge type of soil failure                      
Large (H/D): soil flow around the pipe  
(
𝑝
𝜎𝑦
) Non-dimensional pipe pressure 
The change in Hoop stress (This will 
influence the pipeline behavior under 
faulting) 
(
𝛿
𝐷
) 
Non-dimensional fault 
displacement (strain field in the 
soil around the pipeline) 
Similar strain field will control soil-pipe 
interaction 
 
β 
 
Fault Crossing Angle 
  β:compression + bending 
- β: tension + bending 
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3.6. The Physical Meaning of Non-dimensional groups and their practical ranges 
Pipelines can be categorized into different groups depending on their purposes, materials, joint 
types, wall thicknesses, and locations. They can also be used for different purposes such as the 
transmission of gas, oil, water, and wastewater. Various pipe diameters and wall thicknesses 
are selected based on the flow capacity required to transport the fluids at the expected rate, 
internal and external pressures. Large and small diameter pipelines, thin and thick-walled 
pipelines are used in the field depending on their purpose. For instance, water mains pipelines, 
drainage and gas pipelines can have large diameters up to 3.5 m while smaller diameters can be 
used for oil and gas line pipes and water distribution pipes. According to joint type, there are 
two groups: 1) segmented pipelines and 2) continuous pipelines. Pipelines can cross through 
the subsea (offshore pipelines) and they can be placed on the land (onshore pipelines). Onshore 
pipelines can be located below the ground or they can be constructed above the ground due to 
safety, economic and aesthetic reasons. The classification of pipelines is demonstrated in Figure 
3.6. 
Purpose
• Oil and Gas 
• Sewage-Wastewater 
• Water
• Cables, etc.
Location
• Onshore Pipelines 
• Offshore pipelines 
Material
• Ductile pipelines 
(Steel, HDPE, etc.)
• Fragile pipelines 
(Concrete, etc.)
1. Pipe burial depth (H)
2. Soil stiffness (k) 
Above ground 
pipelines
Buried 
Pipelines
1. Pipe internal pressure (p)
2. Pipe diameter (D)
3. Pipe wall thickness (t)
1. Yield stress of the 
pipe material (sy)
2. Young’s modulus of 
the pipe material (E)Thin-walled 
pipelines
Thick-walled 
pipelines
   
Figure 3.6. Pipeline classification based on its purpose, location, material, joint type, and 
wall thickness 
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As observed in the field, there is a wide range of pipelines with different sizes, purposes, 
materials, and locations. In order to understand the mechanics behind soil-pipe interaction due 
to PGD arising from different geo-hazards for a range of applications as depicted in Figure 3.6, 
non-dimensionalisation of the problem can be a good approach. In the previous section, non-
dimensional groups for such problems are obtained using either Buckingham pi theorem or 
governing differential equations of the soil-pipeline interaction problem. Figure 3.7a-b shows 
the parameters influencing the pipeline response to faulting.  
The physical meaning of these non-dimensional groups was summarised in Table 3.1. These 
groups need to be understood and kept consistent with the prototype in order to design a reliable 
small-scale model, which simulates the behavior of buried pipelines crossing active faults.  
Figure 3.8 shows the schematic representation of the variation of longitudinal pipe strain (ε) 
with relative soil-pipe stiffness (kD4/EI). This non-dimensional term significantly influences 
the deflection behavior of pipelines under faulting. As seen in Figure 3.8, rigid pipe behavior is 
expected to be observed for small values of kD4/EI while pipes show flexible behavior for large 
values of kD4/EI. For instance, ductile or cast iron in soft clay or loose sand is expected to show 
rigid pipe behavior. On the other hand, High-Density Polyethylene (HDPE) pipelines in stiff 
clay show flexible pipe behavior.  
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Figure 3.7. Schematic sketch of a) the cross-section of a buried pipeline showing the 
variables affecting the pipeline behavior b) the plan view of a pipeline crossing strike-slip 
faults showing fault characteristics  
Soil-pipe friction force along the pipeline axis occurs due to the relative movement of pipe and 
soil in the axial direction. The force depends on mean confining stress (p’) on the pipeline 
adhesion factor (α), pipe outer surface (k) and soil parameters: internal friction angle (φ) and 
cohesion (c). The axial soil pipe friction force can be calculated based on Equation 3.29: 
𝑓(𝑥) = 𝑇𝑢 = 𝜋𝐷𝛼𝑐 + 𝜋𝐷𝐻𝛾 (
1 + 𝐾0
2
) 𝑡𝑎𝑛𝑘φ                                     (3.29) 
where  𝑇𝑢 is ultimate soil-pipe friction force, D is pipe diameter, H is burial depth, 𝛾 is the unit 
weight of the soil and 𝐾0 is earth pressure at rest. 
Normalized soil-pipe friction (TuD
3/EI or TuD/EA) influences the longitudinal pipeline strains 
under faulting. Consequently, the non-dimensional term should be kept consistent with those 
values for prototypes.   
a) 
b) 
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Different types of pipeline failure mechanisms occur depending on the soil reactions: Pipelines 
subjected to tension forces experience tensile failure while beam and local (shell) buckling 
occur under compressive forces. Beam buckling failure is not critical for the pipeline 
performance as pipelines can stay operational beyond the occurrence of beam buckling. On the 
other hand, the local buckling failure mode is very destructive for pipeline integrity as well as 
pipeline performance. Figure 3.9 shows pipe buckling mechanisms depending on H/D and D/t 
ratios and soil failure type depending on H/D ratios. Thick walled pipelines (small D/t ratio) 
buried in shallow trenches (small H/D ratio) experience beam buckling failure whereas thin 
walled pipelines (large D/t ratio) buried in deep trenches (large H/D ratio) experience local 
buckling failure. The soil surrounding pipelines experiences different types of failures 
depending on the H/D ratio when pipelines are subjected to fault displacements. Soil flow 
failure develops around pipelines at deep burial depths while wedge type of soil failure occurs 
in shallow trenches.    
 
Figure 3.8. The schematic representation of the relationship between relative soil-pipe 
stiffness (kD4/EI) and longitudinal pipe strain (ε) 
Both axial and lateral soil forces acting on pipelines, which are subjected to fault movements, 
increase with an increase in the H/D ratio. Another important parameter significantly affecting 
the pipeline behavior is normalized fault displacement (δ/D). The relative displacement 
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between soil and pipeline increases due to the increase in δ/D. Consequently, soil reaction 
forces increase with an increase in δ/D until the ultimate soil reaction is reached.   
 
Figure 3.9. The schematic sketch showing pipeline buckling mechanisms and soil failure 
mechanisms depending on H/D and D/t ratios 
Another significant parameter influencing pipeline response to faulting is pipe internal pressure. 
Hoop (circumferential) stresses and axial (longitudinal) stresses develop due to internal pipe 
pressure. The schematic sketch showing axial and hoop stresses along the pipeline cross-section 
is shown in Figure 3.10. Earlier studies show that the internal pipe pressure increases the 
ovalization performance of pipelines whereas it decreases critical fault displacement which is a 
value of fault displacement where pipelines start experiencing failure based on performance 
criteria such as tensile failure and local buckling (Vazouras et al., 2012). As seen in the 
literature, internal pipe pressure influence pipeline response to faulting. The value of non-
dimensional pipe pressure (p/σy) ranges between 0.008 and 0.11 in the field (Operational 
purpose). Pipeline failure case studies relevant to fault crossing in the past earthquakes are 
summarised in Table C-1 in Appendix C. The table includes information showing fault 
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characteristics, geology of the area, pipe characteristics including non-dimensional groups such 
as (
𝐻
𝐷
), (
𝐷
𝑡
) and (
𝛿
𝐷
). The values of these non-dimensional groups for selected field pipelines 
are given in Table 3.2. The calculation of relative soil-pipe stiffness (
𝑘𝐷4
𝐸𝐼
) for field pipelines 
is explained in Section 3.9.3 with one example solved.  
 
Figure 3.10. Schematic sketch of a) inner pipe pressure, b) axial and hoop stresses on the 
pipe surface, c) axial stresses in the pipe cross-section, d) hoop stresses in the pipe cross-
section 
Table 3.2. Values of non-dimensional groups for field pipelines  
Non-dimensional group Field (prototype) values (Range) References 
(
𝑘𝐷4
𝐸𝐼
) 0.03-0.13 
SGC (1973), Schiff 
and Tang (1999), 
Eidinger et al. 
(2002) and Ha et al. 
(2008)  
(1971 San Fernando 
Earthquake, 1999 
(
𝐷
𝑡
) 72.4-125 
(
𝐻
𝐷
) 1.4-4 
a) c) 
b) d) 
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(
𝛿
𝐷
) 1.4-5 
Chi Chi Earthquake, 
1999 Kocaeli 
Earthquake) 
β -90°< β<+90°  
(
𝑝
𝜎𝑦
) 
0.008-0.11 (maximum operating 
pressure is considered) 
ASME (2006) and 
ASME (2007) 
 
3.7. Discussion on Scaling Laws and Non-dimensional Groups 
Stress dependency and nonlinearity of soils: The soil behavior is stress-dependent and has 
non-linear stress-strain behavior. Loose to medium sand may experience contractive behavior 
under high normal stress whereas dilative behavior of sands is observed at a low-stress level. 
The stress level in 1-g small scale models is much lower compared to their equivalent 
prototypes and this leads to a higher friction angle of sands. This issue was dealt with by several 
researchers (Kelly et al., 2006; Leblanc et al., 2010, Bhattacharya et al., 2012)) by pouring the 
sand at a lower density. An equation showing the variation of the peak friction angle (𝜑′) with 
mean effective isotropic stress ( 'p ) was proposed by Bolton (1986): 
𝜑′ = 𝜑𝑐𝑣 + 3[𝑅𝐷(9.9 − 𝑙𝑛𝑝
′) − 1]                                        (3.30) 
where  𝑅𝐷 is the relative density of the sand and 𝜑𝑐𝑣 is the critical state angle of friction of the 
sand. 𝜑𝑐𝑣 for Red Hill 110 dry sand is taken as 34.3° as mentioned by Williams (2014) and 
Lauder et al. (2013) also suggested the value of 𝜑𝑐𝑣 for Red Hill 110 dry sand as 34° based on 
their test results. 
Figure 3.11 shows the variation of peak friction angle (φ´) with mean effective stress (p´) for 
Red Hill 110 dry sand having various relative density based on Equation 3.30. For instance, the 
value of peak friction angle of Red Hill sand with 75% relative density at 50 kPa of mean 
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effective stress is equal to that value of the sand with 55% relative density at 5 kPa of mean 
effective stress. As seen in Table 5.2, the relative density of the sand in the experimental study 
is about 35% and the mean effective stress is about 5kPa. The peak internal friction angle of 
Red Hill 110 dry sand at the model scale is the same with 50% of relative density at the 
prototype scale. The peak internal friction angle for the prepared samples in experiments is 40° 
and the critical state angle of friction of the sand is 34°.   
 
Figure 3.11. Friction angle of Red Hill 110 dry sand as a function of mean effective stress 
and relative density 
There is another issue in 1g small scale models related to shear modulus (G) of soils. Shear 
modulus of soils increases with depth (increasing mean confining stress). The stress level in the 
field is much larger than in the small-scale model. G is dependent on effective stress (𝑝′) and 
is expressed by Equation 3.31.   
𝐺 ∝ 𝑝′𝑛                                                          (3.31) 
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The value of n varies between 0.435 and 0.765 for sandy soils (Wroth et al., 1979) but the value 
of n is often considered as 0.5 for sandy soils. A value of 1 is often used for clayey soils. 
However, Lauder and Brown (2014) showed the change of soil stiffness with the depth to be 
soil specific and vary more than described at low effective stress. They recommended that 
where possible parameters need to be determined at stress levels directly applicable to the 
application and that caution needs to be used when applying widely adopted assumed values at 
these low stress levels.   
Relative soil-pipe stiffness: High-Density Polyethylene (HDPE) pipes were used for 
experimental study. This pipe material was selected considering relative soil-pipe stiffness 
(kD4/EI) of steel pipelines in the field as given in Table 3.2. For example, Saiyar et al. (2016) 
used different pipe materials to simulate various cases in the field depending on their relative 
soil pipe stiffness: 
1. An aluminum pipe model was used to represent a ductile or cast iron in soft clay or 
loose sand. 
2. Polycarbonate and acrylic pipe models were utilized to represent cast or ductile irons in 
dense sandy clay. 
3. PVC (Polyvinyl Chloride) in soft clay and PTFE (Poly Tetra Fluoro Ethylene) pipe 
model were selected to represent HDPE pipelines in very soft clay. 
A typical pipeline material used for main oil and gas pipelines is steel. Considering relative 
soil-pipe stiffness in the field, HDPE pipe material was selected to represent these pipelines in 
the field. However, it is clear that the differences in stress-strain curves of these pipeline 
materials will influence the behavior of pipelines under fault loading particularly in the zone of 
inelastic deformations and local buckling. Therefore, the kD4/EI parameter can be used for 
small deformation problems but should be cautiously used for large deformation problems. The 
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experimental results obtained cannot be directly translated into another material. These results 
should be used to understand the physical mechanisms behind the soil-pipeline interaction 
problem. 
Poulos and Davis (1980) proposed a parameter KR which is defined as the pile flexibility factor 
for laterally loaded pile in elastic soil: 
𝐾𝑅 =
𝐸𝑝𝐼𝑝
𝐸𝑠𝐿4
                                                             (3.32) 
where EI is bending stiffness of the pile, Es is the elastic modulus of the soil surrounding the 
pile and L is the pile length.  
This approach considers that the reaction force on a pile due to lateral pile displacement is a 
function of Es. For a large value of KR, the pile deformation decreases and a longer section of 
the pile bends. As KR decreases, the pile will deform locally. The piles could be treated as 
flexible when the value of KR is lower than 0.001 according to Poulos (1973). L may be taken 
as the length of the pipeline on either side of the fault trace for the case of pipelines crossing 
faults. 
The same expression used by Randolph (1981) however he replaced the pipe length (L) with 
pipe diameter (D): 
𝐾𝑅
′ =
𝐸𝑝𝐼𝑝
𝐸𝑠𝐷4
                                                            (3.33) 
Klar et al. (2008) defined relative pipe-soil stiffness by using the expression below: 
𝐸𝑝𝐼𝑝
𝐸𝑠𝑖3𝑅
                                                                (3.34) 
where i is the distance to inflection point from the tunnel/pipe centreline and r0 is the pipe 
radius. 
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Pipe diameter to wall thickness (D/t) ratio of pipelines: Large diameter pipelines buried in 
deeper trenches behave more like shells and the pipelines with large D/t and deep burial depth 
tend to experience local (shell) buckling under compressive loads. On the other hand, smaller 
diameter pipelines that are buried in relatively shallow trenches and/or backfilled with loose 
material tend to behave like beams. The pipelines with a small D/t ratio tend to buckle in a beam 
mode. Yun and Kyriakides (1990) and Meyersohn and O’Rourke (1991) concluded that D/t and 
burial depth (H) have a primary influence on the buckling behavior of buried pipelines. 
Meyersohn (1991) obtained a relationship between critical cover depth and t/D ratio for sands 
having various relative densities. The graphs showing the relationship between critical cover 
depth and t/D ratio was given in Section 2.8.1.2 (Figure 2.27). If the cover depth is less than the 
critical depth, buried pipelines will experience beam buckling rather than local buckling.   
Gregnist (1986) firstly proposed a design equation for estimating the local buckling strain based 
on the available experimental results and this equation has been adopted by the Canadian 
Standard Association (CSA-Z662). The design equation is given in 2.27 and hoop stress in the 
equation is calculated by using Equation 2.28.  
As seen from Figure 2.27 and Equation 2.27-2.28, t/D or D/t ratio significantly affects the 
pipeline buckling response. However, the pipelines used in small-scale model tests have very 
small D/t ratios compared to field pipelines due to manufactural reasons. Consequently, strain 
results and pipeline failure mechanisms in small-scale experiments need to be discussed 
carefully. 
Pipe end connections: A sufficient anchorage length of pipe is required in order to negate the 
boundary effects on pipeline response and simulate real field conditions properly. Required 
anchorage length (La) can simply be calculated using Equation 3.35. Several hundreds of pipe 
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diameters length (La/D) are needed to be achieved the required anchorage length (Kennedy et 
al., 1977).  
𝐿𝑎 =
𝜎𝑦 ∙ 𝐴
𝑇𝑢
                                                            (3.35) 
where σy is yield stress of the pipe material, A is the cross-sectional area of the pipe and Tu is 
axial soil-pipe friction force per unit length.  
In earlier large scale and centrifuge tests: 
• Both ends of the pipeline were bolted to the reaction walls that provides a rigid 
connection at pipe ends (Yoshizaki et al., 2003) 
• The configuration at pipe ends allows the pipe to rotate freely about the axis (O’Rourke 
et al., 2003 and 2005). 
• A spherical bearing and nut were used to provide a pinned connection between the pipe 
and box. Additionally, a spring was placed in end connector housing in order to simulate 
flexible end conditions that are close to realistic field end conditions on pipelines (Ha 
et al., 2006; Abdoun et al., 2009). 
In small and large scale tests, the types of end connections significantly affect the pipeline 
response to faulting. As viewed in the earlier studies, rigid, pin and spring end connections were 
used to simulate pipe end conditions in the field. However, rigid and pin connections will 
contribute to the development of extra-axial strain within the pipeline. Consequently, model 
pipelines will be subjected to higher axial strains relative to field pipelines. A spring type of 
end connection was used by Ha et al. (2006) and Abdoun et al. (2009) in order to simulate real 
field conditions. However, the stiffness of the springs at pipe ends was not specified and their 
performance was not reported.  
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A schematic sketch of a pipeline crossing a strike-slip fault showing curved and anchorage 
length was demonstrated in Figure 3.3. As seen in the Figure, the pipeline bends at the vicinity 
of the fault and the curved segment of pipeline occurs. The critical zone for bending strain is 
the fault crossing zone where double curvature develops. The maximum axial force within the 
pipeline develops at the fault-pipe intersection and it reduces along the pipeline due to axial 
friction between soil and the pipeline. Consequently, the axial forces and axial strains become 
equal to zero at anchor points. In Finite Element (FE) models and experimental models, pipeline 
ends should be pinned at anchor point to neglect boundary effects due to end conditions. This 
will lead to large FE and experimental models and consequently high computational costs in 
FE analysis and high costs in experimental design. Liu et al. (2004) developed the equivalent 
boundary springs method, which is used to construct force elongation relationship for end 
springs, in order to minimize boundary effects and to simulate real field boundary conditions. 
The soil-pipeline interaction problems under faulting are modeled creating smaller model 
length by using the equivalent boundary spring method.  
In scale model tests, equivalent boundary springs can be simulated using 3D printed materials 
that have similar force-elongation relationships to that obtained from the equations proposed 
by either Liu et al. (2004), Vazouras et al. (2015) or Zhang et al. (2016). According to the force-
elongation relationship obtained by the equations, a suitable material can be selected and any 
type of cross-section can be printed for the end connections.  
3.8. Scaling and design of experiment setup 
Scaling of soil: Grain size effects on the soil-pipe interaction cause a significant issue in scaled 
tests. The backfill material was chosen to ensure that there were no important grain size effects 
on the response of pipe subjected to PGD. In the literature, the smallest ratio of the pipe diameter 
to average soil grain size (𝐷/𝐷50) was chosen according to the criterion of 𝐷/𝐷50  ≥ 48 
recommended by the International Technical Committee TC2 (2005) based on centrifuge test 
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data from Ovesen (1981) and Dickin and Leuoy (1983). In addition, the similitude of the ratio 
between the pipe diameter (𝐷) and the average soil grain size (𝐷50) can also be obtained by 
using the result of the investigation of Bolton et al. (1993). The soil used in the experiment is 
the typical Red Hill 110 Silica sand. The relative density of the sand 𝐷𝑟 is about 35% which 
represents the state of loose sand. The engineering properties of Red Hill 110 dry sand is given 
in Table 3.3. Grain-size distribution of the Red Hill 110 dry sand is shown in Figure 3.12.  
Table 3.3. Engineering properties of Red Hill 110 dry sand  
Properties Values 
Specific gravity 2.65 
Median particle diameter D50 (mm) 0.144 
Dry unity weight (kN/m3) 
Relative Density, Dr (%) 
Peak internal friction angle (φpeak) (°) 
13.0 
35 
40 
Residual internal friction angle (φcv) (°) 
Dilation Angle (ψ) (°) 
34 
6 
Maximum void ratio emax 1.035 
Minimum void ratio emin 0.608 
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Figure 3.12. Sieve analysis of the Red Hill 110 dry sand 
Scaling of pipe dimensions (D, t) and burial depth: Buried pipelines crossing strike-slip faults 
are one of the examples of soil-structure interaction problems in geotechnical engineering. As 
shown in Section 3.3, the governing non-dimensional parameter for deflection characteristics 
of such problems is the relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼). Lateral soil stiffness (𝑘) is 
dependent on engineering soil properties such as internal friction angle (𝜑), cohesion (𝑐), unit 
weight of soil (𝛾) and burial depth of pipe (𝐻) and pipe diameter (𝐷). On the other hand, the 
pipe characteristics influencing pipe flexural stiffness (𝐸𝐼) are pipe material, diameter (𝐷) and 
wall thickness (𝑡).  As seen in Table 3.2, 𝑘𝐷4/𝐸𝐼 in the field varies between 0.03 and 0.13 so 
that this range will be considered for the experimental study. Furthermore, the total curved 
length of the pipeline (2 × 𝐿𝑐) should be less than the total length of the test set-up, which is 2 
m, in order to avoid boundary effects on the behavior of the pipeline (Figure 3.13a). The length 
over which lateral displacement occurs due to curvature (𝐿𝑐) is a function of lateral soil force 
per unit length (Pu), fault movement (𝛿) and pipe bending stiffness (𝐸𝐼) (Sarvanis and 
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Karamanos, 2017). The pipe diameter (𝐷), pipe wall thickness (𝑡) and pipe burial depth (𝐻) 
are selected considering both field 𝑘𝐷4/𝐸𝐼 values and the limit value of 2 × 𝐿𝑐 (Figure 3.13b).  
As seen in the Table, the values of kD4/EI for model pipelines range between those values for 
prototypes summarised in Table 2 and 2xLc are situated in the range shown in Figure 3.13b.  
0.01 ≤ (
𝑘𝐷4
𝐸𝐼
)
𝑚𝑜𝑑𝑒𝑙
≤ 0.15                                                     (3.36) 
𝐿𝑐 ≤ 2𝑚                                                                     (3.37) 
The curved length (𝐿𝑐) is calculated by using the equation proposed by Sarvanis and 
Karamanos (2017). The equation is modified regarding the case of buried continuous pipelines 
crossing strike-slip faults and is given in Equation 3.38. 
𝐿𝑐
2 = √
24δEI
2P𝑢
                                                            (3.38) 
where 𝐿𝑐 is the curved length of the pipeline, 𝛿 is fault displacement, 𝐸𝐼 is bending stiffness of 
the pipeline, 𝑃𝑢 is the ultimate lateral soil force developing due to the relative movement 
between the pipe and soil.  
Matlock and Reece (1960) proposed a formula for critical length (𝑙𝑐𝑟) beyond which piles 
behave as if they are infinitely long: 
𝑙𝑐𝑟 = 4(
𝐸𝐼
𝑘
)
0.25
                                                        (3.39) 
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Figure 3.13. a) The plan view of the experiment setup showing total curved length (2xLc) of 
the pipeline b) the schematic sketch showing the ranges for total curved length (2xLcl) and 
relative soil-pipe stiffness (kD4/EI)  
The flexibility of a pile may be considered comparing its actual length (𝐿) to this critical length. 
This formula can be used to determine whether pipelines are flexible. The length of pipelines 
on each side of the fault crossing is considered 𝐿1 in the fixed side and 𝐿2 in the moving side 
and their relative stiffness can be judged by calculating 𝐿1/𝑙𝑐𝑟 and 𝐿2/𝑙𝑐𝑟. The normalized pipe 
lengths (𝐿1/𝑙𝑐𝑟  , 𝐿2/𝑙𝑐𝑟.) should be more than 1. Both the critical length (𝑙𝑐𝑟) and curved length 
(Lc) must be considered when deciding on the length of the box.    
𝐿1
𝑙𝑐
> 1 𝑎𝑛𝑑 
𝐿2
𝑙𝑐
> 1                                                    (3.40)  
To consider the geometric similarity between the model and prototype is essential to have a 
similar soil-structure response. One may expect that beam and local buckling failure modes 
govern the pipeline response under compression + bending. As mentioned in earlier sections, 
𝐻/𝐷 and 𝐷/𝑡 ratios govern the type of pipeline failures so that these ratios should be selected 
considering those values observed in the field. 
(
𝐷
𝑡
)
𝑚𝑜𝑑𝑒𝑙
≅ (
𝐷
𝑡
)
𝑓𝑖𝑒𝑙𝑑
                                                  (3.41) 
 
 
a) b) 
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(
𝐻
𝐷
)
𝑚𝑜𝑑𝑒𝑙
≅ (
𝐻
𝐷
)
𝑓𝑖𝑒𝑙𝑑
                                                  (3.42) 
3) Normalized Soil-Pipe Friction (
𝑇𝑢𝐷3
𝐸𝐼
 𝑜𝑟  
𝑇𝑢𝐷
𝐸𝐴
): Soil-pipe friction force along the pipeline 
axis occurs due to relative movement of soil and pipe in the axial direction. This force depends 
on mean confining stress (𝑝’) on the pipeline, pipe outer surface, adhesion factor, and soil 
parameters: cohesion (𝑐) and internal friction angle (𝜑).    
(
𝑇𝑢D
3
EI
)
𝑚𝑜𝑑𝑒𝑙
≅ (
𝑇𝑢D
3
EI
)
𝑓𝑖𝑒𝑙𝑑
                                             (3.43) 
(
𝑇𝑢D
EA
)
𝑚𝑜𝑑𝑒𝑙
≅ (
𝑇𝑢D
EA
)
𝑓𝑖𝑒𝑙𝑑
                                                 (3.44) 
4) Scaling of fault movement: In order that the fault movement in the experimental model is of 
a comparable magnitude to real fault movements, the fault displacement is assessed by the ratio 
of fault displacement to the pipe diameter (𝛿/𝐷). Fault displacements vary considerably in the 
field as observed in past earthquakes (Table 3.2). In this study, horizontal fault movement (𝛿) 
is limited to 300 mm, resulting in a maximum 𝛿/𝐷 of 6.  
5) Scaling of Offset Rate: Turner (2004) explored the impact of offset rate on soil-pipe 
interaction forces by using three different offset rates of 0.03 mm/s, 0.3 mm/s, and 25 mm/s and 
concluded that the influence is nearly negligible. However, Abdoun et al. (2009) observed that 
the high-density polyethylene (HDPE) pipe bending strains recorded in the fast offset rate test 
were almost always larger than those values recorded in the slow offset rate test. This is 
consistent with HDPE material properties since HDPE has strain rate dependent behavior (i.e. 
softer at lower strain rates).  Therefore, offset rate effects on the behavior of pipelines crossing 
strike-slip faults should be taken into account. In this study, the offset rate of 0.173 m/min is 
used for the model tests. The offset rate used in the centrifuge tests (Ha et al., 2008) was 0.32 
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m/min. The upperbound for the expected prototype offset rate is about 60 m/min (Ha et al., 
2010). Therefore, the fault offset rate used in this study can be considered as slow compared to 
the prototype offset rate. Abdoun et al. (2009) highlighted that fault offset rate did not 
significantly influence axial pipe strains. However, bending pipe strains recorded in the slow 
offset rate tests are almost smaller than the bending strains measured in the fast offset rate tests. 
Consequently, bending strains in the model HDPE pipelines will be smaller than those values 
in the prototype HDPE pipelines in the field under faulting.  
6) Scaling of the anchorage length: A sufficient anchorage length of pipe is necessary in order 
to avoid the boundary effects and simulate real field conditions accurately. Required anchorage 
length (𝐿𝑎) is a function of fault displacement, pipe diameter, and burial depth and several 
hundreds of pipe diameter length (𝐿𝑎/𝐷) are needed to achieve for required anchorage length 
(Kennedy et al., 1977). The equivalent boundary method, which is used to obtain force-
elongation (𝐹 − 𝛿) relationship for end springs, is used in the study to minimize the boundary 
effects and to simulate real field boundary conditions. In the experimental study, silicon 
material, which has a similar 𝐹 − 𝛿 relationship, is used to simulate end connection springs 
(Figure 3.14a-b). 
 
Figure 3.14. Equivalent axial spring properties for the experimental study (F (δ)-δ 
relationship)  
a) b) 
c) 
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7) Scaling of the internal pipe pressure: The internal pipe pressure results in hoop 
(circumferential) stresses and longitudinal stresses in the pipeline. The hoop (𝜎ℎ) and 
longitudinal stresses (𝜎𝑙) in the pipe due to internal pipe pressure are calculated using the 
equations given below: 
σℎ =
𝑝𝑑
2𝑡
                                                             (3.45) 
σ𝑙 =
𝑝𝑑
4𝑡
                                                             (3.46) 
where 𝑝 is internal pressure in the pipe, 𝑑 is the internal diameter of the pipe and 𝑡 is pipe wall 
thickness. These equations are for thin-walled pipelines. 
Internal pipe pressure (𝑝) is normalized by the yield strength of the pipe material (𝜎𝑦). 
Normalized pipe pressure (𝑝/𝜎𝑦) is utilized to apply proper internal pipe pressure in the model 
tests. 
3.9. Calculation of relative soil-pipe stiffness (𝒌𝑫𝟒/𝑬𝑰) for model and field pipelines 
In this section, the methodology of calculation of relative soil-pipe stiffness (kD4/EI) for model 
and field pipelines is explained along with the solved examples. Shear modulus of Red Hill Dry 
sand at small strains (G0) was obtained by using the impact hammer method that is explained 
in detail next section. Three dimensional (3D) Finite Element (FE) models that simulate the 
lateral movement of HDPE pipe in the Red Hill sand medium are created. The values of lateral 
soil stiffness for model tests at various pipe burial depths (H/D=5.0 and H/D=7.0) are obtained 
by using 3D FE analysis results. The relative soil-pipe stiffness values for model tests are 
calculated. The methodology to calculate the values of relative soil-pipe stiffness for field 
pipelines is explained.     
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3.9.1. Shear Modulus (G0) of Red Hill Dry sand at small strains at the pipe burial depth  
The shear modulus of the sand medium in the test is obtained using the method which is 
schematically explained in Figure 3.15. The distance between the accelerometers is denoted by 
𝑙. The vibration wave generated by the applied impact load on the side wall of the box by a 
hammer will arrive at the accelerometers in sequence and the travel time of the wave between 
accelerometers (𝛥𝑡) is recorded. Figure 3.13b shows the acceleration signals recorded by Acc 
1 and Acc 3. The shear modulus (𝐺0) of the sand is calculated using Equations 3.47-3.48.  
𝑣𝑠 =
𝑙
∆𝑡
                                                                  (3.47) 
𝐺 = 𝜌𝑠 ∙ 𝑣𝑠
2                                                            (3.48) 
where 𝑣𝑠 is shear wave velocity and 𝜌𝑠 is the density of the sand.  
The travel time of the wave between Accelerometer 1 (Acc1) and Accelerometer 3 (Acc3) is 
found as 0.01 second. The distance between Acc1 and Acc3 is 0.6 m as seen in Figure 3.13a. 
Then, the shear wave velocity of the soil (𝑣𝑠) can be calculated as 60 m/s. Finally, shear modulus 
at small strain (𝐺0) is calculated as 5.1 MPa.  
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Figure 3.15. a) Shear wave velocity method, b) acceleration signals recorded by Acc1 and 
Acc3 
3.9.2. Calculation of relative soil-pipe stiffness (kD4/EI) for model pipelines 
Three dimensional (3D) Finite Element (FE) models of lateral movement of the HDPE pipe 
that is buried in Red Hill 110 dry sand for different pipe burial depths (H/D=5.0 and H/D=7.0) 
are created by using ABAQUS software. The methodology used for FE models and validation 
Δt = 0.01 sec 
Acc1 
Acc3 
Time (sec) 
a) 
b) 
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of them is explained in detail in Chapter 6. Figure 3.16 shows soil displacements (U) developed 
due to the lateral movement of the pipe. The values of displacement in the figure are in meters.  
The soil and pipe parameters used in the FE models are given in Table 3.4. The Young’s 
Modulus (E) modulus of the soil is calculated as 13 MPa by using Equation 3.49. The values 
of (G0) is used for the calculation of Young’s Modulus (E) and Poisson’s ratio is taken as 0.29 
in the equation. The internal friction angle and dilation angle of Red Hill 110 dry sand at a 
relative density of 35% are 40° and 6°, respectively (see Section 3.7, Figure 3.11). Young’s 
modulus of HDPE pipe is taken as 750 MPa and the Poisson’s ratio of the pipe material is 0.3 
as seen in Table 3.4.  
                                                                            
Figure 3.16. a) 3D Finite Element Model of lateral movement of the pipe (H/D=5.0), b) 3D 
Finite Element Model of lateral movement of the pipe (H/D=7.0)  
Table 3.4. Soil and pipe parameters used in the numerical analysis  
Soil: Red Hill 110 Dry Sand 
Elastic Plastic 
E (MPa) 13 φpeak (°) 40 
ϑ 0.29 Ψ (°) 6 
  
Φcv (°) 
c (kPa) 
34 
0 
Pipe: HDPE Pipe 
E (MPa) 750  
ϑ 
0.3 
  
  
 
𝐺 =
𝐸
2 × (1 + 𝜗)
                                                       (3.49) 
where G is shear modulus, E is Young’s Modulus and 𝜗 is Poisson’s ratio.  
 
H/D=7.0 
  
H/D=5.0 
H
=
3
5
0
 m
m
 
H
=
2
5
0
 m
m
 
, m , m 
a)
) 
b)
) 
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Figure 3.17a-b plots lateral soil reaction-displacement relationship obtained from the 3D FE 
analysis and that relationship calculated by using the equations proposed by ASCE (1984) 
guideline for φ=34° and  φ=40° for H/D=5.0 and H/D=7.0 (see Equations 2.3 and 2.4 in Section 
2.7.2.6). These internal friction values are residual and peak internal friction angles of Red Hill 
110 dry sand at the relative density of 35%. As seen in the figure, the FE model results remain 
between the values for φ=34° and φ=40°. The initial lateral soil stiffness obtained by the FE 
analysis is larger than those values calculated by using equations proposed in ASCE Guidelines, 
This discrepancy in initial soil stiffness is due to that G0 value is used as shear modulus in the 
models and the shear modulus reduction with increasing strain amplitude is not considered in 
the models.   
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Figure 3.17.  a) Lateral soil reaction-displacement relationship obtained from the 3D FE 
analysis and calculated by using ASCE (1984) guideline for φ=34° and φ=40° (H/D=5.0), b) 
Lateral soil reaction-displacement relationship obtained from the 3D FE analysis and 
calculated by using ASCE (1984) guideline for φ=34° and φ=40° (H/D=7.0) 
Figure 3.18a-b plots force-displacement curves obtained from numerical models for H/D=5.0 
and H/D=7.0 and elastic-perfectly plastic curves that are fitted to these force-displacement 
curves. Initial and secant lateral soil stiffness (k) is obtained by calculating the slope of the 
force-displacement curves (see Figure 3.18) obtained from numerical analysis as seen in Figure 
3.18a-b for H/D=5.0 and H/D=7.0. The values of lateral soil stiffness calculated by using ASCE 
(1984) Guideline for different internal friction angles for different pipe burial depths (H/D=5.0 
and H/D=7.0) are given in Table 3.5. Table 3.6 shows lateral soil stiffness values obtained from 
the FE analysis for different burial depths (H/D=5.0 and H/D=7.0). 
0
1000
2000
3000
4000
5000
6000
0 0.01 0.02 0.03 0.04 0.05 0.06
L
at
er
al
 F
o
rc
e 
(N
)
Displacement (m)
FE Model
φ=34°, ASCE
φ=40°, ASCE
H/D=7.0 
b) 
3-40 
 
 
 
Figure 3.18.  Calculation of initial and secant lateral stiffness of the soil for a) H/D=5.0 and 
b) H/D=7.0 
Table 3.5. Lateral soil stiffness values calculated by using ASCE (1984) Guideline for 
different internal friction angles for different burial depth 
φ H/D k (kN/m2) 
34° 
5 916.4 
7 1456 
40° 
5 1049 
7 1708 
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Table 3.6.  Lateral soil stiffness values obtained from FE results for different burial depth 
  k (kN/m2) 
H/D Secant Initial 
5 823 3848 
7 1278 5200 
 
Limitation of Numerical models: 
• The value of G0 is used to calculate Young’s modulus of the sand. The stiffness 
reduction with increasing strain amplitude is not considered in the 3D numerical 
analysis. 
• Shear modulus of sands increases with increasing confining pressure (depth). However, 
a constant value of shear modulus is used for each depth. In other words, the stiffness 
increase with depth is not considered.  
• The Mohr-Coulomb constitutive model is used to model soil behaviour. This soil model 
does not consider hardening-softening soil behaviour. Therefore, at small soil 
displacement buried pipelines are subjected to smaller soil reaction due to that hardening 
of the sand at small displacements is not considered.  However, soil-structure interaction 
problems such as pipelines crossing faults are considered as large deformation 
problems. At large deformations, the Mohr-Coulomb model provides good results due 
to that sands reach their residual strength.     
In the model tests, HDPE pipelines with 50 mm diameter and 3 mm pipe wall thickness were 
used. Young’s Modulus of the HDPE material is 750 MPa and bending stiffness (EI) of the pipe 
cross-section is calculated as 0.092 kNm2. The relative soil-pipe stiffness (kD4/EI) for different 
pipe burial depths are calculated by using the lateral soil stiffness values given in Table 3.6. 
The calculated relative soil-pipe stiffness (kD4/EI) are given in Table 3.7. These values of 
kD4/EI are used for the model tests throughout the thesis. 
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Table 3.7.  Lateral soil stiffness values obtained from FE results for different burial depth 
Pipe Diameter 
(D), m 
Pipe Wall 
Thickness 
(t), m 
Pipe Bending 
Stiffness (EI), 
kNm2 
H/D 
*Lateral Soil 
Stiffness (k), 
kN/m2 
kD4/EI 
0.05 0.003 0.092 5 823 0.06 
0.05 0.003 0.092 7 1278 0.09 
*The values of secant lateral soil stiffness in Table 3.6 are used to calculate the values of relative 
soil-pipe stiffness for model pipelines  
 
3.9.3. Calculation of relative soil-pipe stiffness (kD4/EI) for field pipelines 
Elasto-plastic soil springs suggested in ASCE (1984) Guidelines (see Section 2.7.2.6) are used 
to calculate values of lateral soil stiffness (k). An example of a buried pipeline crossing active 
fault showing how to calculate the value of soil stiffness is given below. The pipe and soil 
properties are taken from the work of Demirci et al. (2018) and their values are given in Table 
3.8 and Table 3.9. 
Table 3.8.  Fault type and pipe characteristics 
Fault type Pipe 
Material 
Diameter (D), 
m 
Wall thickness (t), 
m 
Burial Depth 
(H), m 
 
Reverse 
 
Steel 
 
0.4 
 
0.008 
 
1.5 
Table 3.9.  Soil characteristics 
Soil Unit Weight 
(kN/m3) 
Internal Friction 
Angle (°) 
 
Dense 
Sand 
 
20 
 
40 
 
Buried pipelines crossing reverse faults are mainly subjected to relative vertical movements. 
Therefore, vertical bearing and uplift soil spring formulations (see Equations 2.9-2.17 in section 
2.7.2.6) are used to calculate values of vertical soil stiffness for bearing and uplift soil springs. 
The ultimate vertical bearing soil reaction (𝑄𝑑) and yield displacement (𝑦𝑑) are calculated as 
946.258 kN/m and 0.04 m by using Equations 3.50-3.54. 
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  𝑄𝑑 = 𝑁𝑞𝛾𝐻𝐷 +𝑁𝛾𝛾
𝐷2
2
                                        (3.50) 
𝑁𝑞 = 𝑒𝑥𝑝(𝜋 × 𝑡𝑎𝑛40°) × 𝑡𝑎𝑛
2 (45 +
40
2
) = 64.195              (3.51) 
𝑁𝛾 = exp(0.18 × 40° − 2.5) = 109.947                         (3.52) 
  𝑄𝑑 = 64.195 × 20 × 1.5 × 0.4 + 109.947 × 20 ×
0.42
2
= 946.258 
𝑘𝑁
𝑚
     (3.53) 
𝑦𝑑 = 0.1 × 𝐷 = 0.1 ∗ 0.4 = 0.04 𝑚                             (3.54) 
The ultimate vertical uplift soil reaction (𝑄𝑢) and yield displacement (𝑦𝑢) are calculated as 
40.92 kN/m and 0.015 m by using Equations 3.55-3.57. 
  𝑄𝑢 = 3.41 × 20 × 1.5 × 0.4 = 40.92 𝑘𝑁/𝑚                               (3.55) 
𝑁𝑞𝑣 = (
40 × 1.5
44 × 0.4
) = 3.41                                           (3.56) 
𝑦𝑢 = 0.01 × 𝐻 = 0.01 ∗ 1.5 = 0.015 𝑚                                (3.57) 
The elasto-plastic vertical spring for the problem is shown in Figure 3.19.  
Uplift (𝑘𝑢𝑝𝑙𝑖𝑓𝑡) and bearing (𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔) soil stiffnesses of the soil are calculated by using 
Equation 3.58-3.61. 
  𝑘𝑢𝑝𝑙𝑖𝑓𝑡 =
  𝑄𝑢
𝑦𝑢/2
                                                          (3.58) 
  𝑘𝑢𝑝𝑙𝑖𝑓𝑡 =
40.92
0.0075
= 5456
𝑘𝑁
𝑚2
                                             (3.59) 
  𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔 =
  𝑄𝑑
𝑦𝑑/2
                                                         (3.60) 
  𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔 =
946.258
0.02
= 47312.9
𝑘𝑁
𝑚2
                                       (3.61) 
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Figure 3.19. Elasto-plastic vertical spring for the problem 
The moment of inertia (I) of the pipe section and bending stiffness of the pipe cross-section are 
calculated by using Equations 3.62-3.64.  
𝐼 = 𝜋 ×
(𝐷4 − (𝐷 − 2 × 𝑡)4)
64
                                              (3.62) 
𝐼 = 𝜋 ×
(0.44 − (0.4 − 2 × 0.008)4)
64
= 0.0001893 𝑚4           (3.63) 
𝐸 × 𝐼 = 210000000 × 0.0001893 = 39753 𝑘𝑁𝑚2           (3.64) 
The values of relative soil-pipe stiffness for vertical bearing and vertical uplift are calculated 
by using calculated uplift and bearing soil stiffness and bending stiffness of the pipe section: 
(
𝑘𝑢𝑝𝑙𝑖𝑓𝑡 × 𝐷
4
𝐸𝐼
)
𝑢𝑝𝑙𝑖𝑓𝑡
=
5456 × 0.44
39753
= 0.0035                       (3.65) 
(
𝑘𝑏𝑒𝑎𝑟𝑖𝑛𝑔 × 𝐷
4
𝐸𝐼
)
𝑏𝑒𝑎𝑟𝑖𝑛𝑔
=
47312.9 × 0.44
39753
= 0.03                       (3.66) 
This methodology is followed throughout the thesis to calculate values of relative soil-pipe 
stiffness for the case study, centrifuge tests, large scale tests used (see section 5.4) and 
numerical study performed in Section 7.3 (see Table 7.4). 
 
Qd = 946.258 kN/m 
yd /2= 0.02 m 
Qu = 40.92 kN/m 
yu /2= 0.0075 m 
Q 
y 
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3.10. Summary 
Non-dimensional groups governing the behavior of pipelines crossing active faults and scaling 
laws are very significant parameters that are used to design small-scale models. One should 
understand and derive governing parameters before starting the design of a physical model. In 
this chapter, non-dimensional groups governing the pipeline response to faulting are derived 
and their physical meanings are explained. The range of practical values for these non-
dimensional groups is presented considering earlier case studies and field data. The limitations 
of the physical model are also discussed.
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4. Experimental Methodology 
4.1. Introduction 
This chapter includes four main subjects: (a) The design and construction of the physical model 
of buried continuous pipelines crossing strike-slip faults is described, (b) the design and 
construction of the proposed end connectors, that simulate equivalent end boundary springs at 
pipe ends, are presented and the methodology behind the design of a novel end connectors is 
also presented, (c) the performance of a proposed seismic mitigation technique is assessed via 
physical model tests and the experimental study is presented, (d) axial push out tests are 
performed to calculate the friction coefficient (𝜇𝑓) between the model pipe and soil. The design 
and construction of axial push out test setup are presented.   
 
4 
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4.1.1. Physical modeling of buried HDPE pipelines crossing strike-slip faults 
Physical model tests were performed to investigate the physics behind soil-structure interaction 
problems and their results were used to validate analytical and numerical models. In this 
chapter, the reasons why physical model tests are used and the aims of the model tests 
performed in this study are presented. The earlier physical model test rigs are reviewed and a 
newly developed model test setup that simulates buried continuous pipelines crossing strike-
slip faults is presented. The design and construction of the model setup are described in detail. 
Finally, the sensors used in the experiments and their working principles are presented.   
4.1.2. Modeling of pipe end boundary conditions 
One of the engineering challenges in modeling the seismic response of buried continuous 
pipelines under different scenarios is the simulation of end conditions of the pipe. The literature 
review in Section 2.7.3 suggests that either rigid or pinned pipe end conditions were used in 
most of the reported physical models. In contrast, when modeled numerically, the end 
conditions are often simulated by placing an equivalent spring. This study presents a simple 
and scalable end connector for physical modeling based on the equivalent end springs approach 
in the numerical study. Figure 4.1 shows the schematic illustration of equivalent end boundary 
springs in numerical models and the proposed end connectors that simulate equivalent end 
boundary springs at the pipe ends in physical model tests. The methodology behind the design 
of a novel end connector is briefly described. Tension and compression tests of end connector 
material are performed, and their results are briefly discussed. 
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Figure 4.1. Equivalent end boundary springs used in the numerical models, b) the proposed 
end connectors that simulate equivalent end boundary springs at the pipe ends in physical 
model tests 
4.1.3. Proposed Seismic Mitigation Technique – Tyre Derived Aggregate (TDA) + Sand 
Mixture surrounding pipelines  
Several researchers have proposed various mitigation techniques to reduce the risk of pipeline 
damage due to faulting. These mitigation techniques are given in detail in Section 2.9. The 
seismic mitigation techniques for pipelines crossing faults are grouped into three different 
categories considering their method of protection: (a) pipe strengthening, (b) pipe-soil friction 
reduction, and (c) other techniques. 
In this chapter, a proposed seismic mitigation technique – pipeline surrounded by soil - TDA 
mixture – is presented. This method can be included in the pipe-soil friction reduction 
technique. The efficiency of the proposed mitigation technique is assessed via four different 
model tests (Figure 4.2). The effects of the percentage of TDA in trench backfill, trench shape 
and dimensions on pipeline response to strike-slip faulting are also investigated via physical 
model tests.  
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Figure 4.2. A schematic illustration of four different model tests that are performed to 
investigate the effects of the percentage of TDA in trench backfill, trench shape and 
dimensions on pipeline response to strike-slip faulting   
4.1.4. Axial Push Tests 
In 3D numerical modeling of buried continuous pipelines crossing active faults, accurate 
modeling of axial soil-pipe interaction is very significant. Axial soil-pipe interaction in 
ABAQUS is generally modeled by using normal and tangential contact. The normal contact 
governs the separation of the soil and pipe surfaces. Tangential contact is used to simulate the 
interaction between the soil and pipe and it is generally modeled by choosing penalty friction 
contact. This contact algorithm considers interface friction with the definition of a friction 
coefficient (𝜇𝑓). Axial push tests are performed in order to specify the friction coefficient (𝜇𝑓) 
between High-Density Polyethylene (HDPE) and Red Hill sand. Figure 4.3 demonstrates a 
schematic illustration of the axial push out model test. The design and the construction of the 
axial push test setup are described and the sensors used in the tests are presented.   
Tyre derived aggregate Tyre derived aggregate 
Tyre derived aggregate Tyre derived aggregate and sand mixture (50%) 
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Figure 4.3. A schematic illustration of axial push out test that is performed to specify the 
friction coefficient (𝜇𝑓) between the pipe and sand 
4.2. Why do we do physical model tests? 
Finite Element (FE) models and analytical methods are widely used to design earthquake-
resistant pipelines. Before using these methods for the design of pipelines crossing PGD zones, 
the analytical and FE models need to be validated via case studies or experimental studies. 
There is a limited number of case studies available to validate numerical and analytical models. 
Physical model tests are used to improve our understanding of the problem, to validate FE 
models and analytical methods, and to discover the governing parameters of the problem. By 
using intellectual knowledge obtained by physical model tests, new design methods can be 
proposed, the pipeline technology can be improved and the scientists and engineers of tomorrow 
can be trained. The flowchart given in Figure 4.4 shows the usefulness of scaled model tests. 
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 Experimental modelling of soil-structure 
interaction of buried pipelines crossing faults
Decipher laws of physics of the 
problem and derive non-dimensional 
groups
Incorporate the physics/mechanism in 
Analytical or Numerical models
Carry out parametric study on the 
non-dimensional groups at all scales 
and find the practical range of the 
different parameters
Design chart for practical use
Compare numerical/analytical results 
with experimental results and field 
case records (if available)
Do they 
agree?
NO
YES
 
Figure 4.4. Flowchart showing usefulness of scaled model testing 
Past earthquake-related pipeline damage highlighted the vulnerability of pipelines to Permanent 
Ground Deformations (PGDs).  There are still pipeline failures due to earthquake-induced 
PGDs and this shows drawbacks of the current design methodologies. Thus, physical model 
tests need to be performed to propose earthquake resistant design methods or to establish a 
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proposed mechanism for the soil-structure interaction problem. Much of the pipeline failures 
develop beneath the ground and so it is difficult to identify the failure mechanism. Excavation 
is needed to observe the failure mechanism of the soil-structure system. Physical modeling is 
an alternative technique to gain a better understanding of such mechanisms. Small-scale 
modeling, a type of physical modeling, is a useful technique to investigate soil-structure 
interaction problems with one of its aims being a validation of design methods and mechanisms.  
4.2.1. Aims of the physical model tests 
The aims of the physical model tests performed in this study are as follows: 
1. To investigate the physics behind the soil-pipe interaction problem under strike-slip 
faulting. 
2. To check the performance of the newly developed novel end connectors. 
3. To use the results to validate analytical and numerical models. 
4. To assess the performance of the proposed seismic mitigation technique – pipelines 
surrounded tyre-chips- and to propose a design method. 
4.3. A Newly Developed Small-Scale Model 
A small-scale model of buried pipelines crossing strike-slip faults was developed to explore the 
physics behind the soil-pipe interaction under strike-slip faults. The model consisted of two 
identical boxes: Fixed and movable boxes.  The dimensions of the split boxes are demonstrated 
in Figure 4.5a and the photos of the split boxes are given in Figure 4.5b. The total external 
dimensions of the model are 2000 mm length, 1000 mm width and 750 mm depth as seen in 
4.6a. The internal dimensions of the model are 1950 mm length, 950 mm width and 700 mm 
depth.  
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Figure 4.5. a) Isometric sketch of the split boxes showing dimensions of them in three 
directions, b) photos of the split boxes (All dimensions in mm)  
Figure 4.6 demonstrates side, front and plan views of the experiment setup with all components 
of the test setup. Rails and linear bearings were used to guide and support the moving part. This 
provides accurate movement and minimum friction. The rails were bolted on the wood bases. 
The wood base was used to flatten the surface underneath the rails. The wood base was bolted 
a) 
b) 
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to the strong floor. The movable box was displaced up to a maximum of 300 mm by an electrical 
actuator system (Figure 4.7). The linear actuator with 12V DC voltage and 400 mm stroke 
length was used in the tests. The maximum load capacity of the actuator is 4000 N.  The actuator 
was attached to the movable box and resistance frame. The resistance frame was constructed in 
order to give a reaction to push the movable box. The bottom of the fixed box was constrained 
in every direction by bolting it to the fixed base. The fixed base was constructed using wood 
plates and the plates were bolted to the strong floor.  
 
a) 
b) 
c) 
4-10 
 
 
Figure 4.6. a) Side view of the experiment setup, b) front view of the experiment setup, and c) 
plan view of the experiment setup, d) photo of the region in red dashed circle  
The aluminum alloy struts with 40x40mm cross-section and 8mm groove were used to construct 
the frame of the split box. The aluminum alloy struts were preferred due to their lightness and 
strength. The perspex material with 6 mm wall thickness was used to cover side walls of the 
split box whereas the bottom of the split box was covered by the plywood material. The 
plywood material (shown in Figure 4.6 with green color) was also used to prevent the sand from 
leaking out from the boxes. Pipe insulation foams with 40 mm outer diameter were also placed 
between the sliding surfaces to prevent the sand from leaking as shown in Figure 4.6d. The pipe 
insulation foam was compressed to provide tightness at the sliding surfaces. 
Polytetrafluoroethylene (PTFE) sheets were glued to the surface of the plywood material in 
order to decrease friction between the box surfaces (Figure 4.8a-b). 
Insulation 
Material 
d) 
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Figure 4.7. a) The photo showing electric actuator bolted to the strong floor and the wood 
frame preventing the actuator from rotation  
 
a) 
Resistance 
frame 
Electric 
Actuator 
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Figure 4.8. a) The schematic sketch showing box surfaces which are covered with PTFE 
sheets, b) a photo showing PTFE application on the plywood surface 
4.3.1. Base Frame for the Small Scale Model 
A base frame was constructed in order to level ground surface and to place movable and fixed 
boxes on it. Wood materials were used to construct the base frame as demonstrated in Figure 
4.9a and a base plate was placed underneath the fixed box as shown in Figure 4.9b. The base 
frame was anchored to the strong floor using steel bolts. The photos of the base frame with the 
base plate are shown in Figure 4.9c-d. 
 
 
b) 
PTFE 
Sheets 
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Figure 4.9. The schematic sketch of a) the base frame for the experimental setup, b) the base 
frame showing base plate for fixed box, the photos of c) the base frame for the experimental 
setup, d) the base frame showing base plate for fixed box   
The fixed box was fixed on the base wood by placing wood materials surrounding the fixed 
box. The fixed box was pushed through the movable box by using fixed blocks and steel bolts 
as shown in Figure 4.10a-e. The wood materials surrounding the fixed box and the fixed blocks 
were screwed on the base wood.  
a) b) 
c) d) 
Rails 
sit on 
these 
parts 
Base 
plate 
Holes 
in the 
strong 
floor 
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b) 
c) 
a) 
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Figure 4.10. The schematic illustrations showing fixing details of the fixed box: a) plan view, 
b) side view, c) front view, the photos showing fixing details of the fixed box: d) front view, e) 
side view 
4.3.2. Boundary Effects 
As mentioned in earlier sections, the length of the experiment setup was selected considering 
the total curved length of the pipeline (2 × 𝐿𝑐). A 2m length of the box was considered to be 
enough to avoid/minimize the boundary effects (related to pipe end conditions) on the global 
pipeline response to fault movement. The newly developed end connectors were used to 
minimize boundary effects due to pipe end conditions. Consequently, it was aimed to simulate 
real field boundary conditions.  
In the case of buried pipelines crossing strike-slip faults, horizontal relative displacements 
between pipelines and soil are much larger compared to vertical relative displacements. 
Therefore, the minimum distance between the centerline of the pipeline and side walls of the 
box must be selected such in a way as to avoid boundary effects (due to side walls) on the 
pipeline response.   
d) e) 
Fixed 
Block 
Bolt 
Wood materials 
surrounding the fixed box 
4-16 
 
Vazouras et al. (2010) performed a parametric study to determine the dimensions of the FE 
model considering side and bottom wall boundary effects on the pipeline behavior under strike-
slip faulting. In their numerical models, four different soils were considered: a) soft clay with 
the value of cohesion of 50 kPa, and the value of Young’s modulus of 25 MPa, b) stiff clay 
with the value of cohesion of 200 kPa and the value of Young’s modulus of 100 MPa, c) loose 
sand with an internal friction angle 30° and the value of Young’s modulus of 8MPa, d) dense 
dand with an internal friction angle of 40° and the value of Youngs modulus of 50 MPa. They 
concluded that 2.5 pipe diameter (2.5D) distance between the bottom wall and pipe centerline 
and 5D distance between side walls and pipe centerline are adequate to avoid the side and 
bottom wall related boundary effects. Based on these numerical findings, the dimensions of the 
cross-section of the box were selected as 1m in width and 0.75m in height. Figure 4.11 shows 
the plan view of the experiment setup and placement of the pipelines for different three cases 
(various fault crossing angles). Figure 4.12 demonstrates the cross-section of the split box and 
the minimum distance of the centerline of the pipelines to the side boundaries (Ls, min). As seen 
in both Figures 4.11 and 4.12, Ls, min was selected as 5D and the minimum distance of centerline 
of the pipelines to the bottom boundary (Lb, min) was selected as 2.5D. The burial depth of the 
pipelines (H) changes depending on the experimental plan.     
Red Hill 110 dry sand was used in the experiments. Boundary effects in sand depend on its 
relative density. The average relative density of the sand in the experiments was calculated as 
35% (see Section 5.2.2.1). The sand with a relative density of 35% is considered as loose sand. 
In the work of Vazouras et al. (2010), it was concluded that the dimensions of the FE model 
that were selected to avoid boundary effects were found to be also adequate for dense sand. 
Consequently,  these selected cross-section dimensions are considered to be adequate to avoid 
boundary effects for the loose sand in the experiments. 
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Figure 4.11. The plan view of the experiment setup showing the placement of the pipelines 
with different fault crossing angles 
 
Figure 4.12. The cross-section view of the experiment setup showing the minimum distance of 
the center of pipelines to the side boundaries  
Ls,min 
Lb,min 
III 
II 
I 
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Figure 4.11 also demonstrates 3 different cases for pipelines crossing strike-slip faults with 
different fault crossing angles. Depending on these different angles, pipelines will be subjected 
to different section forces such as compression, tension, and bending. These forces are 
summarised below for each case: 
• I. The pipeline will be under compression and bending. 
• II. The pipeline will be under mainly bending. 
• III. The pipeline will be under tension and bending. 
4.3.3. End Connectors 
The schematic sketch of the plan, side and front view of an end connector are illustrated in 
Figure 4.13a-c. The end connectors were constructed by casting silicon + adhesive mixture in 
the 3D printed molds. The molds of the end connector are printed via a 3D printer and then 
silicone and the adhesive mixture were cast in the mold (Figure 4.14a-e). The cure time for the 
silicone and adhesive mixture is 24 hours as suggested by the manufacturer. The manufacturer 
of silicone rubber material is Easy Composites. The Easy Composites C25 Condensation Cure 
Silicone Rubber was thoroughly mixed with the CS25 Catalyst (adhesive) at a ratio of 100 parts 
of silicone to 5 parts of catalyst by weight. The end connectors were designed considering the 
equivalent boundary spring methods that are explained in detail in Section 4.5. The target 
stiffness of the end connector was calculated as 75 N/mm considering the equivalent boundary 
spring methods. However, the designed end connectors provide inadequate stiffness that is 
found as 6.786 N/mm (as shown in Table 4.8). The experiment results in Section 5.3 and the 
numerical results in Section 7.2 showed that the stiffness of the end connectors used in the 
experiments was inadequate. 
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Figure 4.13. The schematic illustration of a) plan view, b) front view and c) side view of the 
end connector (all dimensions in mm) 
          
 
a) b) 
c) 
a) b) c) 
d) e) 
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Figure 4.14. a) A schematic sketch showing 3D printed molds for the end connector, b) a 
photo showing 3D printed molds, c) a photo showing the assembly of the molds, d) a 
schematic illustration showing the final arrangement of molds before the casting, e) casting 
silicone and adhesive mixture into the molds  
Having been cured for 24 hours, the molds were disassembled and finally, the silicone end 
connector was constructed. The photos in Figure 4.15 show different perspective views of the 
end connector.    
            
Figure 4.15. The photos of the end connector showing different perspective views of the end 
connector 
4.3.4. Pipe End Conditions (Boundary Conditions) 
12 steel bars with a 20 mm diameter were fixed at the base and top of the boxes. The end 
connectors were placed at both sides of the boxes using steel bars (Figure 4.16a-b). Six different 
pairs of steel bars were used to place pipelines with 3 different fault crossing angles as shown 
in Figure 4.11.    
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Figure 4.16. Pipe end conditions; a) a schematic illustration of pipe end boundaries, b) a 
photo showing pipe end boundary conditions 
4.4. Sensor Instrumentation and Data Interpretation Techniques 
During the experiments, four different instruments were used: 1) Strain gauges, 2) load cell, 3) 
cameras and 4) laser displacement sensors. Table 4.1 summarises the functions of these sensors. 
4.4.1. Strain gauges 
The pipeline response to fault movements in terms of longitudinal strains was monitored by 
using strain gauges along the pipe spring-lines (west and east spring-lines).  Figure 4.17 shows 
the plan view of the pipeline and the configuration of strain gauges on the pipeline. The strain 
gauges were wired as Quarter Bridge. Axial and bending strains along the pipeline can be 
measured thanks to this configuration.   
 
 
Figure 4.17. a) Plan view of pipeline and the configuration of strain gauges, b) cross-section 
of the pipe showing the points of spring-lines, crown and invert 
 
a) b) 
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Table 4.1. Instruments used in model tests and their functions  
Name of the Instruments Functions 
Strain Gauge  To measure strain in model pipelines 
Load Cell 
To measure forces applied from the actuator to the 
movable box 
Cameras To take photos during tests (documentation) 
Laser Displacement Sensor 
To measure the applied displacements to the 
movable box 
 
The average of longitudinal strains at spring-lines of the pipe is the axial strain (εa) whereas 
pipe bending strains (εb) are calculated as one-half the difference between at spring-lines of the 
pipe as given in Equation 4.1 and Equation 4.2. 
εa =
ε1 + ε2
2
                                                                     (4.1) 
εb =
ε1 − ε2
2
                                                                    (4.2) 
where  ε1 and ε2 are longitudinal pipe strains at spring-lines of the pipe. 
The working principle of strain gauges is based on the measurement of output voltage 
developed due to the resistance change in the strain gauge. A strain gauge is a sensor that 
measures the strain on the test specimen by converting the resistance change into the strain. 
When a force applied to the strain gauge, its resistance changes. Output voltage (Vcomp.) is 
generated by an electric circuit inside the gauge, due to the change in resistance (∆𝑅).  
4.4.1.2. Strain gauge selection  
There are mainly four factors that are needed to be considered while choosing strain gauges for 
the experiments: 1) Strain range of strain gauges, 2) the gauge length of strain gauges, 3) the 
gauge resistance and 4) pipe material. 
Analytical methods were used to predict maximum pipe strains that are likely to occur during 
the experiment. Table 4.2 shows four different scenarios with three different strain ranges. The 
maximum tensile and compressive pipe strains were calculated by using the analytical method 
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proposed by Sarvanis and Karamanos (2017). The methodology of predicting maximum tensile 
and compressive pipe strains is explained in detail in Appendix D. Considering the table, it is 
clear that the predicted maximum strains from the analytical methods are about 3%.  Therefore, 
the strain range was selected as -3% and +3% for the experiments. The gauge length should be 
selected as reasonably small compared to the pipe dimensions. High-Density Polyethylene 
(HDPE) pipes, which have a low heat conduction coefficient, are used in the experiments. Thus, 
strain gauges with higher resistance (e.g. 350 Ω) should be utilized to reduce the development 
of heat. The operating temperature range is considered constant so that thermal output is not a 
concern. Considering the factors above, Micro-Measurements C2A-06-250LW-350 strain 
gauges were selected for the experimental study. C2A stands for the gage series and these gage 
series are used for a temperature range between -50° and +80°. Self-Temperature-
Compensation (STC) numbers of 00, 03 and 06 are often chosen for composite and plastic 
materials when the measurements involve variations in temperature. In this study, the STC 
number of 06 is selected.   
M-Bond 200 adhesive was used to attach strain gages on pipes. The adhesive is most frequently 
used for short term room temperature testing with fast installation. M-Bond 200 adhesive works 
in the range of 3% and 5% of strains at the room temperature. This range is adequate as expected 
pipe strains vary between -3% and +3%. The manufacturer of the strain gages and adhesive is 
Micro-Measurements. 
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Table 4.2. The maximum tensile and compressive pipe strains predicted by the analytical 
method proposed by Sarvanis and Karamanos (2017) 
 
Pipe 
Diameter 
(D), mm 
Pipe wall 
thickness 
(t), mm 
Burial 
Depth 
(H), 
mm 
Fault 
Crossin
g Angle 
(β), ° 
Fault Disp. 
(mm) 
Strain Range 
(Sarvanis and 
Karamanos 2017) 
Max 
Tensile 
Max 
Comp 
1 50 3 250 90 300 0.033 0.016 
2 50 3 350 90 300 0.042 0.019 
3 50 3 350 15 300 0.056 0.0028 
4 50 3 350 -15 300 - - 
4.4.1.3. Strain gauge layout 
As seen in Table 4.3, the values of 2𝑥𝐿𝑐  range between 1.10-1.24 m. Calculation of 𝐿𝑐  values 
(𝐿𝑐 = 𝐿1 = 𝐿2)    is explained in Appendix D. The residual internal friction angle of Red Hill 
Sand (φcv=34°) was used for the calculation in Appendix D. Figure 4.18a-b shows two different 
strain gauge layouts used in the experimental study and Figure 4.18c illustrates the spring-lines 
of the pipes where strain gauges were attached to the pipes. The locations of strain gauges are 
selected considering the expected bended shape of the pipeline and strain localization.  
Table 4.3. Experimental plan showing the calculated curved length of the model pipelines   
Test 
No. 
Pipe 
Materi
al 
Pipe 
Dia. 
(D), 
mm 
Pipe 
wall 
thick. 
(t), mm 
Burial 
Depth 
(H), mm 
Fault 
Crossing 
Angle 
(β), ° 
End 
Cond. Fault 
Disp. 
(δ), mm 
Strain 
gauge 
layout 
2xLc 
DT-1 
(ET-1) 
HDPE 50 3 250 90 
End 
Conn. 
300 I 1.24 
DT-2 
(ET-2) 
HDPE 50 3 350 90 
End 
Conn. 
300 II 
1.10 
ET-3 HDPE 50 3 350 90 
Free 
End 
300 II 
ET-4 HDPE 50 3 350 90 
Fixed 
End 
300 II 
ET-5 HDPE 50 3 350 15 
End 
Conn. 
300 II 
ET-6 HDPE 50 3 350 -15 
End 
Conn. 
300 II 
 
4-25 
 
 
Figure 4.18. a) Strain gauge layout I, b) strain gauge layout II, and c) pipe spring-lines 
(dimensions in mm) 
4.4.1.4. Strain Gauge Instrumentation - Strain gauge application procedures 
The strain gauge application process is summarised in 12 steps: 
1. Cleaning the glass surface with alcohol. 
2. De-greasing the pipe surface using alcohol to remove marks and residue at the gage 
locations. 
3. Using sandpaper to abrade the pipe surface unidirectionally to remove abrasions and 
other residues. 
4. Cleaning the pipe surface with the alcohol. 
5. Marking the pipe surface at the gage locations. 
6. Placing strain gauge on the clean glass surface and putting a tape on it. 
7. Taking the tape out and attaching it on the pipe surface at the gauge location. 
a) 
b) 
c) 
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8. Taking the tape out and applying M Bond 200 adhesive on the pipe surface. 
9. Wiping the tape and applying thumb pressure on the gage for approximately 1 minute. 
10. Twisting thumb when stopping the thumb pressure and waiting for another 1 minute. 
11. The wires of strain gages should not be under tension throughtout the experiments. 
Otherwise, the wires can be broken off and consequently, the strain measurement stops. 
Therefore, there should be a service loop to provide freedom of movement of the wires 
and this will prevent the wires from breaking off during the tests.   
12. Using a multimeter to check the resistance of strain gauge (Strain gauge resistance 
should be in the range which is suggested by the manufacturer).  
As dry sand was used in the experiments, a coating on strain gages was not used against 
moisture uptake.  
4.4.1.5. Strain Gauge Calibration and Data Acquisition  
The calibration of strain gauges is not needed before each test. However, it is very good practice 
to make sure all of the gauges working properly before placing them on the model pipelines. 
The checking of the gauges can be performed using an ohmmeter or multimeter. The Micro-
Measurement 8000 data acquisition system with 8 channels was used in this study, see Figure 
4.19. Two eight channel Micro Measurement 8000 DAQs were connected to Ethernet switch 
via straight-through Ethernet cables to have 16 channel DAQ as illustrated in Figure 4.20. The 
DAQ software –StrainSmart- was utilized to record data obtained from the strain gauges. Zero 
and shunt calibration were carried out using a module in StrainSmart software developed by 
Micro-Measurements. 
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Figure 4.19. Micro-Measurement 8000 DAQ  
 
Figure 4.20. The schematic illustration showing the connection of two DAQ boxes 
The wires of the strain gauges were connected to terminal boxes and these boxes were glued on 
the aluminum profile of the fixed box. The terminals were wired to the DAQ and the DAQ was 
connected to the Ethernet switch via crossover Ethernet cables. Finally, the ethernet switch was 
connected to the computer (PC) via a straight through Ethernet cable.  This cable enables the 
DAQ to communicate with the PC. StrainSmart software was used to obtain real-time data 
acquisition, analysis, and control. The data sampling rate of 10 data per second (10 Hz) was 
Crossover 
Ethernet Cables 
Straight Through 
Ethernet Cables 
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used in the experiments. The schematic illustration of the arrangement of the instruments, DAQ 
and PC is demonstrated in Figure 4.21. 
 
Figure 4.21. a) The schematic sketch of the arrangement of the instruments, DAQ and PC 
and b) a photo showing terminals glued to the fixed box 
4.4.2. Load Cells 
4.4.2.1. Load Cell Selection 
To measure the load applied to the split box by the actuator, an S type beam load cell was 
attached between the tip of the actuator and the box (Figure 4.22). The maximum load, which 
likely occurs on the load cell, needs to be predicted to specify maximum load capacity for the 
load cell. There are two main forces resisting to the box movement: 1) The soil shear forces 
Terminals 
a) 
b) 
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(𝐹soilshear) developing due to friction between soil particles and 2) the friction forces, (𝐹friction) 
developing due to friction between bearings and the rails. The friction force developing between 
the surfaces of the boxes is neglected thanks to PTFE sheets glued to the surfaces.  
 
Figure 4.22. a) Plan view of the experiment setup illustrating the location of the load cell, b) 
photo of the S beam load cell 
Red Hill dry sand was used in the experiment and its unit weight (γ) and internal friction angle 
(𝜑) were assumed as 18 kN/m3 and 34°, respectively for making a conservative maximum load 
calculation. The maximum sand depth was 0.5m for all the tests. The shear stress distribution 
in the sand throughout the depth was calculated by using the effective stress distribution (Figure 
4.23). The total stresses are equal to effective stresses due to the fact that pore water pressure 
does not occur in the dry sand.   
 
a) b) 
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Figure 4.23. a) Plan view of the split boxes, b) cross-section of the split box illustrating 
maximum sand level in the box and effective stress and shear stress distribution through the 
depth, and c) cross-section of the split box illustrating friction forces developing due to 
friction between bearings and rails  
The hand calculation of the total force on the load cell is given in Equation 4.3-4.11.  Total 
shear stresses at the shear plane (𝜏𝑡𝑜𝑡𝑎𝑙) is the area of triangle shear stress distribution. The total 
soil shear force (𝐹soilshear) required to shear the soil at the shear plane (A-A cross-section) is 
calculated by multiplying cross-section area of the soil at the shear plane (𝐴𝑠ℎ𝑒𝑎𝑟) and 𝜏𝑡𝑜𝑡𝑎𝑙 . 
The friction force due to friction between the bearings and rails is the product of the total weight 
of the movable split box (𝑊) and friction coefficient (𝜇𝑓). The total weight (𝑊) consists of the 
weight of sand in the movable box (𝑊𝑠𝑎𝑛𝑑) and the weight of the aluminum framed split box 
(𝑊𝑏𝑜𝑥). The friction coefficient (𝜇𝑓) is assumed to be equal to 0.1. The total force on the load 
cell (𝐹total) is calculated by summing up  𝐹soilshear  and 𝐹friction. 
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4.4.2.1.1. Hand Calculation needed for maximum load capacity for load cell  
σ′v = 𝛾𝑠𝑎𝑛𝑑 ∙ 𝐻 = 18 ∙ 0.5 = 9𝑘𝑁/𝑚
2                                                                (4.3) 
𝜏b = σ
′
v ∙ 𝑡𝑎𝑛𝜑 = 9 ∙ 𝑡𝑎𝑛34° = 6.07𝑘𝑁/𝑚
2                                                    (4.4) 
𝜏𝑢𝑑 = 0.5 ∙ (𝜏b) = (6.07 ∙ 0.5) = 3.035 𝑘𝑁/𝑚
2                                              (4.5) 
𝐹soilshear = 𝜏𝑡𝑜𝑡𝑎𝑙 ∙ 𝐴 = 3.035 × (0.5 × 1) = 1.518𝑘𝑁                                  (4.6) 
𝑊𝑠𝑎𝑛𝑑 = 𝑉𝑠𝑎𝑛𝑑 ∙ 𝛾𝑠𝑎𝑛𝑑                                                                                               (4.7) 
𝑊𝑏𝑜𝑥 = 𝐺𝑎𝑙 ∙ 𝐿𝑡𝑜𝑡𝑎𝑙                                                                                                     (4.8) 
𝑊 = 𝑊𝑠𝑎𝑛𝑑 +𝑊𝑏𝑜𝑥 = (0.5 ∙ 1 ∙ 1 ∙ 18) + (0.015 ∙ 18) = 9.27𝑘𝑁              (4.9) 
𝐹friction = 𝜇 ∙ 𝑊 = 0.1 ∙ 9.27 = 0.927𝑘𝑁                                                        (4.10) 
𝐹total = 1.518 + 0.927 = 2.445 𝑘𝑁 = 244.5 𝑘𝑔𝑓                                        (4.11) 
where σ′v is the effective stress at the bottom of the box, 𝛾𝑠𝑎𝑛𝑑  is the unit weight of the Redhill 
dry sand, 𝐻 is the depth of sand in the box, 𝜏b is shear stress at the bottom of the box, 𝜑 is the 
internal friction angle of the Redhill dry sand, 𝜏𝑢𝑑 is uniformly distributed shear stresses at the 
shear plane, 𝐴 is cross-section area of the sand volume, 𝑊𝑠𝑎𝑛𝑑  is the weight of sand volume, 
𝑉𝑠𝑎𝑛𝑑  is the volume of soil, 𝑊𝑏𝑜𝑥  is the weight of the box, 𝐺𝑎𝑙 is the unit weight of aluminum 
profile per meter, 𝐿𝑡𝑜𝑡𝑎𝑙  is the total aluminum length used for the construction of the box, 𝑊 is 
total weight, 𝐹friction is friction force developing due to friction between bearings and rails, 
𝐹soilshear is total soil shear force, 𝐹total is the total force.  
4.4.2.2. Calibration of the Load Cell and DAQ 
The calibration of the S type beam load cell was done by using direct calibration module in 
StrainSmart software developed by Micro-Measurements. As shown in Figure 4.24, twelve 
different weights were used for the rough calibration of the load cell: these ranges between 5 
and 55 kg.  Twelve different voltage values were read and recorded corresponding to each 
weight. These values are summarized in Table 4.4 and plotted in Figure 4.25. The graph shows 
thirteen data points and the fitting line with the regression coefficient (R2) and the equation. 
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The calibration values were saved in the software so that force values will be automatically 
calculated corresponding to the voltage values. 
 
Figure 4.24. The schematic sketch showing various weights used for rough calibration 
Table 4.4. Calibration data of load cell 
Weight 
(kg) 
Force 
(N) 
Voltage 
(mV) 
0 0 0 
5 49.05 -0.2 
10 98.1 -0.4 
15 147.15 -0.6 
20 196.2 -0.8 
25 245.25 -1.1 
30 294.3 -1.3 
35 343.35 -1.6 
40 392.4 -1.8 
45 441.45 -2.1 
50 490.5 -2.2 
55 539.55 -2.5 
60 588.6 -2.7 
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Figure 4.25. The graphs showing four different data points and the fitting line with the 
equation and regression coefficient 
4.4.3. Camera and markers 
Three different aluminum frames were constructed to place the cameras on them. The aluminum 
struts with 20mm x 20mm cross-section and 4mm groove aluminum were used for constructing 
these frames. One of the frames was placed on the movable box whereas the second one was 
placed on the fixed box.  Two go-pro action cameras were used to take photos with a certain 
frequency (2 photos per second). The third camera was placed on the third aluminum frame in 
the middle of the test setup. The go-pro action cameras were placed 1180 mm far above the soil 
surface whereas the third camera was placed 1450 mm far above the soil surface. The distance 
between the go-pro cameras is 1030 mm and the distance between the third camera and the go-
pro cameras is 515 mm as seen in Figure 4.26a. White markers were painted to black and then 
white pins were attached in the middle of them to create contrast between markers and pins. 
The schematic illustrations and a photo showing the locations of cameras, aluminum frames for 
cameras and the markers placed on the soil surface are illustrated in Figure 4.26a-d.  The photos 
taken during the experiments were used to observe soil surface deformations in the plan.  
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0
100
200
300
400
500
600
700
-3 -2.5 -2 -1.5 -1 -0.5 0
F
o
rc
e 
(N
)
Voltage (mV)
4-34 
 
 
 
Figure 4.26. a) Schematic sketch of the side view showing aluminum frames and cameras, b) 
schematic sketch of the plan view showing aluminum frames, cameras, and markers, c) a 
photo of a marker d) a photo of experiment setup showing frames, cameras and markers on 
the soil surface 
4.4.4. Laser displacement (LD) sensors 
4.4.4.1. Working principle of LD sensors 
The Time-of-Flight principle is a method that is used for measuring the distance between an 
object and a sensor. The principle is based on the time difference between emission of the signal 
 
a) b) 
c) 
Cameras Aluminium Frame d) 
Markers 
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(signal out) and its return to the sensor after being bounced by an object. The LD sensor used 
in the experiments uses light as a signal. The working principle of the LD sensor is illustrated 
in Figure 4.27. The box displacements were measured and recorded using Arduino software 
that is compatible with the LD sensor. The schematic sketch and the photo showing the location 
of the LD sensor are given in Figure 4.28. 
 
Figure 4.27. Time-of-Flight Principle 
 
a) b) 
LD 
sensor 
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Figure 4.28. a) The schematic sketch of the side view showing the location of the LD sensor, 
b) the schematic illustration of the plan view showing the location of LD sensor, c) a photo 
showing the LD used in the tests   
Two different computers were used during the experiments. One computer was devoted to the 
DAQ that was connected to strain gauges and the load cell. The other was connected to the laser 
displacement sensor by using Arduino software. The strain gauges, load cell and laser 
displacement sensor were synchronized by simultaneously starting strain, load and 
displacement recordings. Cameras were remotely controlled by a smartphone application. 
Video recording and photoshoot were simultaneously started with the recording of strain 
gauges, load cell and laser displacement sensor.   
4.5. Modeling of pipe end connectors 
In the design of scaled model tests, one of the challenges is to build a very long pipeline in the 
laboratory scale such that field pipe-soil behavior is replicated, and no artificial boundary 
effects are incorporated. Figure 4.29a-b shows the problem schematically for field pipelines 
and experimental pipelines. As seen in Figure 4.29a, the curved section occurs due to the lateral 
component of the imposed fault movement within a relatively short region (commonly known 
as fault crossing zone) compared to unanchored length (La, prototype). In the curved section, the 
primary interactions are lateral and axial soil-pipeline interaction whereas axial soil-pipeline 
interaction (friction forces) is pre-dominant in the straight section. As shown in Figure 4.29b, 
c) 
LD Sensor 
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pipelines are often pinned to the walls of split boxes at a distance from fault trace that is smaller 
than La, model. Therefore, it is inevitable that boundary effects encroach on pipeline response to 
faulting due to sub-optimal unanchored length.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.29.  a) Soil forces acting on pipelines crossing strike-slip faults and b) load-
displacement of lateral and axial soil springs 
Typically for field conditions, several hundreds of the ratio of unanchored length to pipe 
diameter (La/D) are needed for required unanchored length as suggested by Kennedy et al. 
(1977). Figure 4.30 shows the length of half box required to simulate the different amount of 
fault displacements (δ/D). The elongation or compression (∆𝑥) in the pipeline occurs under 
fault displacements and consequently, the largest axial pipe stress for given fault offset (σa) 
develops within the pipeline. The axial pipe stress is maximum at the vicinity of fault trace and 
it decreases along the pipeline due to axial soil-pipe friction. Finally, they become equal to zero 
at anchor points. The distance between fault trace and anchor points is called the unanchored 
length and is calculated using Equation 4.12-4.16. Geometrically required total pipe elongation 
a) 
b) 
Field Problem 
(PROTOTYPE) 
Experimental 
Model 
LcL LcL 
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between anchor points (ΔLreq) can be calculated by using Equation 4.12 proposed by Kennedy 
et al. (1977). They obtained the equations by making several assumptions: a) constant 
horizontal and vertical radii of curvature within the bent lengths (𝐿𝑐𝐿 and 𝐿𝑐𝑣, respectively) on 
each side of the fault are assumed, b) the remainder of the pipe between anchor points remains 
straight and laterally undisplaced with regard to the surrounding soil. These assumptions lead 
to significant simplifications in calculating ΔLreq. In the case of strike slip faulting, vertical fault 
movements are negligible (𝛿𝑣 = 0) whereas lateral fault movement is predominant. Vertical 
fault movement generally develops in the case of normal, reverse and oblique faulting. 
Therefore, 𝛿𝑣 is taken to be zero in Equation 4.12. The bent length of pipe in the horizontal 
plane (𝐿𝑐𝐿) is calculated using proposed formulation by Sarvanis and Karamanos (2017) as 
shown in Equation 4.13. In the case of strike-slip faulting, lateral soil resistance on each side of 
the fault is assumed to be equal (qu1=qu2) and the bent lengths on each side of the fault are equal 
(L1=L2) leading to α=1 (where α=L1/L2). The bent lengths on each side of the fault can be 
notated as LcL for the buried continuous pipelines crossing strike-slip faults (L1=L2=LcL). Using 
these simplifications, Equation 4.13 is converted to Equation 4.14 for the case of buried 
continuous pipelines crossing strike-slip faults. σa is calculated by using Equation 4.15. The 
elongation or compression in the pipeline (∆𝑥) for a given fault offset is assumed to be equal 
to ΔLreq for the simplification purposes. Finally, unanchored length (La) of buried pipelines 
crossing active faults for a given fault offset can be calculated using Equation 4.16. As seen in 
Figure 4.30, La, model ranges between 2 m and 9.3 m under various fault displacements (𝛿ℎ=1D-
6D).  For instance, La, model is equal to 3.5 m and La, model/D is equal to 70 under 10 cm fault 
displacement (δh=2D) as shown in Figure 4.30. This means that the total box length needs to be 
equal to 7 m when δh is equal to 2D. In this example, an HDPE model pipe with a diameter of 
0.05 m and a wall thickness of 0.003 m was used. Young’s modulus of HDPE material was 
taken as 750 MPa as referenced in the work of Ha et al. (2008). 
4-39 
 
𝛥𝐿𝑟𝑒𝑞 = 𝛿ℎ𝑐𝑜𝑠𝛽 +
(𝛿ℎ𝑠𝑖𝑛𝛽)
2
3𝐿𝑐𝐿
+
2𝛿𝑣
2
3𝐿𝑐𝑣
                                           (4.12) 
𝐿1 = √𝛼 (
24δℎEI
q𝑢1 + q𝑢2
)
1/4
                                                      (4.13) 
𝐿𝑐𝐿
2 = √
24δℎEI
2P𝑢
                                                             (4.14) 
𝜎𝑎 = √
𝐸𝑡𝑢∆𝑥
𝐴
                                                             (4.15) 
𝐿𝑎 =
𝜎𝑎𝐴
𝑡𝑢
                                                              (4.16) 
where 𝛥𝐿𝑟𝑒𝑞 is geometrically required total pipe elongation between anchor points,  𝛿ℎ is 
horizontal fault movement, 𝛿𝑣 is vertical fault movement, 𝛽 is fault crossing angle, 𝐿𝑐𝑣 is the 
bent length of pipe in the vertical plane, E is Young’s modulus of pipe material, I is the second 
moment of the pipe cross-section, P𝑢 is ultimate lateral soil force, 𝑡𝑢 is ultimate axial soil-pipe 
friction force, A is cross-section area of the pipe 𝜎𝑎 is maximum tensile stress and ∆𝑥 ≈ 𝛥𝐿𝑟𝑒𝑞.      
 
 
 
 
( ) 
 
 
 
 
 
Figure 4.30. a) Unanchored (La) and normalized unanchored length (La/D) for the model 
experiments 
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Due to practical limitations of the size of the experiment set-up with respect to boundary 
conditions (BCs) of pipelines the following issues occur: 
• When pipe ends are restrained (pinned or fixed) to the boxes, unwanted axial strains are 
developed. This over-predict the longitudinal strain in the pipe.  
• Half-length of the model setup needs to be equal to La, model as shown in Figure 4.30. As 
a result, very long split boxes are necessary. However, this is not often practical. This 
is often an issue for numerical simulation as well. 
The equivalent boundary springs method has been developed and modified for numerical 
modeling of the problem during the last decade and it is used to minimize boundary effects and 
simulate real field conditions at the pipe ends. The schematic illustration of equivalent boundary 
end springs is demonstrated in Figure 4.31. 
 
  
a) 
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Figure 4.31. a) The schematic sketch of a buried continuous pipeline crossing a strike-slip 
fault b) the schematic illustration of equivalent boundary end springs that are used to 
simulate pipe end conditions in the straight zone 
Liu et al. (2004) developed the equivalent boundary method and they considered two different 
parts for the soil-pipe friction in their method: The static soil friction and the sliding soil friction. 
They proposed Equation 4.17 for the part of static soil friction and Equation 4.18 for the part 
of sliding soil friction. When the fault displacement is large enough (
𝑢0
4
≪ 𝛥𝐿), Equation 4.18 
can be simplified as Equation 4.19.    
𝐹(𝛥𝐿) = {√
3𝐴𝐸𝑓𝑠
2
𝑢0
−
1
6𝛥𝐿
2
3              0 ≤ 𝛥𝐿 ≤ 𝑢0                                (4.17)  
𝐹(𝛥𝐿) = √2𝑓𝑠𝐴𝐸(𝛥𝐿 − 0.25𝑢0)             𝑢0 ≤ 𝛥𝐿 ≤
𝜎1
2𝐴
2𝐸𝑓𝑠
+ 0.25𝑢0                (4.18)  
𝐹(𝛥𝐿) = √(2𝑓𝑠𝐴𝐸)𝛥𝐿            
𝑢0
4
≪ 𝛥𝐿                                              (4.19) 
where A is cross-section area of pipeline, E is Young’s modulus of pipe material, 𝑓𝑠  is axial 
friction force per length (𝑓𝑠 = 𝑇𝑢), 𝑢0 is soil yield displacement, 𝛥𝐿 is pipe elongation and 
𝐹(𝛥𝐿) is force. 
Vazouras et al. (2015) developed closed-form solutions of equivalent end boundary springs for 
an infinitely long pipeline and a finite-length pipeline in tension. They considered two different 
regions for the soil-pipe friction such as the non-sliding segment (elastic) and sliding segment 
b) 
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(inelastic). Equations 4.20-4.21 are used for the region of sliding interface for an infinitely long 
pipeline under tension  
𝐹0 =
{
 
 
 
                                                          𝜆𝐸𝐴𝑢0                                                              𝑢0 ≤
𝜏𝑚𝑎𝑥
𝑘𝑠
  (4.20) 
    𝜆𝐸𝐴
𝜏𝑚𝑎𝑥
𝑘𝑠
+
𝜋𝐷𝜏𝑚𝑎𝑥
𝑚
(√(𝜆
𝜏𝑚𝑎𝑥
𝑘𝑠
)
2
+ 2𝑚(𝑢0 −
𝜏𝑚𝑎𝑥
𝑘𝑠
) − 𝜆
𝜏𝑚𝑎𝑥
𝑘𝑠
)     𝑢0 >
𝜏𝑚𝑎𝑥
𝑘𝑠
   (4.21)
 
where = √
𝜋𝐷𝑘𝑠
𝐸𝐴
 , D is pipe diameter, A is cross-section area of pipeline, E is Young’s modulus 
of pipe material, 𝑢0 is soil yield displacement, 𝜏𝑚𝑎𝑥 is maximum shear resistance of the soil, 
𝑘𝑠 is interface stiffness and 𝑚 =
𝜋𝐷𝜏𝑚𝑎𝑥
𝐸𝐴
. 
The equivalent spring method suggested by Liu et al. (2004) cannot be applied to the segment 
where the pipeline is under yielding. Zhang et al. (2016) developed a new equivalent boundary 
spring to overcome this shortcoming in Liu et al. (2004) and to simulate the pipe-soil interaction 
beyond the model more accurately. Three different regions are considered for the soil-pipeline 
interaction: 1) Axial soil springs: under yielding (0 < 𝑥 ≤ 𝐿0), 2) axial soil springs: yielding 
and pipe: under yielding  (𝐿0 < 𝑥 ≤ 𝐿1), and 3) axial soil springs: yielding, and pipe: yielding 
(𝐿1 < 𝑥 ≤ 𝐿𝑎). Equations 4.22-4.24 are used to calculate force-displacement relationships for 
these various three regions.  
𝐹 =
1
2
√6𝐴𝐸1𝑓𝑠 𝛥𝑥
2
3 𝑢0
−
1
6                (0 < 𝑥 ≤ 𝐿0)                                      (4.22) 
𝐹 = √2𝐴𝐸1𝑓𝑠(∆𝑥 − 0.25𝑢0)            (𝐿0 < 𝑥 ≤ 𝐿1)                                    (4.23) 
𝐹 (∆𝑥) =
−𝑏𝐼 +√𝑏𝐼
2 − 4𝑎𝐼𝑐𝐼
2𝑎𝐼
            (𝐿1 < 𝑥 ≤ 𝐿𝑎)                                    (4.24) 
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where 𝑎𝐼 =
1
2𝐸2𝐴𝑓𝑠
, 𝑏𝐼 =
𝜎1
𝑓𝑠
(
1
𝐸1
−
1
𝐸2
) , 𝑐𝐼 = −(∆𝑥 −
𝑢0
4
+
𝜎1
2𝐴
2𝑓𝑠
(
1
𝐸1
−
1
𝐸2
)) , 𝐿0 =
√
6𝐴𝐸1𝑢0
𝑓𝑠
,  𝐿1 =
𝜎1𝐴
𝑓𝑠
+
𝐿0
2
, 𝐿𝑎 =
𝜎0𝐴
𝑓𝑠
+
𝐿0
2
, A is cross-section area of pipeline, E is Young’s 
modulus of pipe material, 𝑢0 is soil yield displacement and 𝑓𝑠  is axial friction force per length. 
Table 4.5 summarises the parameters and conditions used for each method. Using these 
conditions, force-displacement relationships of equivalent boundary springs for various 
methods and the target stiffness determined by using these relationships are plotted in Figure 
4.32. The different closed form solutions (Liu et al., 2004; Vazouras et al., 2015 and Zhang et 
al., 2016) give the same output in terms of force-displacement relationships of equivalent 
boundary springs for H/D=7.0. These methods may provide different force – displacement 
relationships for various ratios of the burial depth to the pipe diameter (H/D).  
Table 4.5. Parameters and conditions used for each method  
E (kN/m2) 750000 
Liu et al. (2004) 
Vazouras et al. 
(2015) 
Zhang et al. 
(2016) σy (kN/m
2) 14000 
D (m) 0.05 
t (m) 0.003 
Condition: 
u0/4<<ΔL 
(Equation 4.19) 
 
Condition: 
sliding interface 
(Ls>Lbox/2)  
(Equations 4.20-
4.21) 
 
Condition: 
L0<xL1 
(Equation 4.23)  
fs (kN/m) 0.193 
max 
(kN/m2) 1.22 
ks (kN/m
3) 610 
u0 (m) 0.002 
ΔL (m) 0.29 
L1 34.4 
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Figure 4.32. Force-displacement relationships calculated by various methods 
In the present study, we simulate pipe end conditions in the experiments based on the numerical 
approach. Force-displacement relationships of the equivalent boundary end spring are 
calculated using various methods proposed by Liu et al. (2004), Vazouras et al. (2015) and 
Zhang et al. (2016). Considering these force-displacement relationships, an appropriate design 
of model end connectors and the selection of the appropriate material can be made.   
4.5.1. An innovative end connector design 
With the advancement in 3D printing technology, the design of any details for model tests is 
much more convenient than before. The model test tools can be directly produced using 3D 
printers or the molds for these tools can be printed by them and the tools can be cast into the 
molds to obtain the desired test apparatus. This provides flexibility in creating any geometry 
with any materials that are needed for the model tests.  
H/D = 7.0 
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In this study, a 3D printer was used to create molds to cast in silicon material into it. The mold 
pieces were attached to each other using tape. Silicon and adhesive materials were mixed to 
cast in silicon mixture. The silicon mixture consists of the amount of adhesive that is five 
percent of silicon weight in the mixture. This ratio is suggested by the manufacturer. The 
mixture was poured into the 3D printed molds.  
4.5.2. Tension and Compression tests of Silicon Samples 
Tension and compression tests were performed to determine the mechanical properties such as 
Young’s modulus (E) of the silicon mixture under tension and compression. Five samples were 
prepared for the tensile tests. The dimensions of the tensile test samples are summarised in 
Table 4.6 and Table 4.7 provides the dimensions of the compressive test sample.  The photos 
of the tension and compression test samples are shown in Figure 4.33a and Figure 4.33b, 
respectively.  
Table 4.6. Tension test plan for the cast in silicon material 
Sample 
No 
Thickness 
(mm) 
Width 
(mm) 
Length 
(mm) 
Area 
(mm2) 
1 5.93 11 60 65.23 
2 5.60 11 60 61.6 
3 5.55 11 60 61.05 
4 5.80 11 60 63.8 
5 5.49 11 60 60.39 
 
Table 4.7. Compression test plan for the cast in silicon material 
Sample 
No 
Diameter 
(mm) 
Length 
(mm) 
Area 
(mm2) 
6 58.12 101.8 2653.0235 
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Figure 4.33. The photos of a) Tension test samples and b) compression test sample  
Figure 4.34a-b and Figure 4.35a-b show the tension and compression test of cast-in silicon 
samples before and after the test. Instron 1185 test equipment was used to perform tension and 
compression tests of cast-in silicon samples. The load capacity of the test frame of Instron 1185 
is 10 tonnes. The load capacity of the load cells used in the tests ranges from 10 N to 100 kN. 
The rate of loading for both tension and compression tests was selected as 10 mm/min.  
 
     
Figure 4.34. Tension test of cast-in silicon sample, a) before the test, b) after the test 
 
L=60mm 
L=101.8mm 
a) b) 
a) b) 
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Figure 4.35. Compression test of cast-in silicon sample, a) before the test, b) after the test 
The load-extension data from five different tensile tests and their average values are plotted in 
Figure 4.36. The Young’s modulus (E) of the silicon mixture under tension is calculated as 0.36 
MPa using average load-extension relationships obtained by five tension tests considering 
ASTM Standard.  
Figure 4.37 shows the load-shortening curve of the silicon mixture under compression. The 
silicon mixture experiences elasto-plastic behavior under compression.  The Young’s modulus 
(E) of the silicon mixture under compression is calculated as 0.42 MPa using load-shortening 
relationships obtained by the compression test.  
The dimensions of end connectors used in the tests are summarised in Table 4.8. The cross-
section area of the hollow section is calculated as 1885 mm2. Young’s modulus (E) of the silicon 
material is taken as 0.36 MPa as obtained from tensile tests. The length (L) of the end connector 
is selected as 100mm. The elongation stiffness (ktension) for the end connector is calculated using 
Equations 4.25-4.26. 
a) b) 
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The proposed end connector allows axial displacements, horizontal displacements and rotations 
at the pipe end. The end connectors also provide horizontal and rotational rigidity alongside the 
axial rigidity. Axial displacements (elongation or compression) of the end connectors are 
predominant outside the curved region. Therefore, elongation/compression stiffness of the end 
connector has a major effect on pipeline response to faulting.  
 
 
 
 
 
 
 
 
 
 
Figure 4.36. The outputs of tensile tests for five samples 
 
 
 
 
 
 
 
 
 
Figure 4.37. The outputs of compressive test 
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Table 4.8. The dimensions and elongation stiffness of the end connector used in the model test  
End 
Connector 
A 
(mm2) 
E 
(Mpa) 
L 
(mm) 
ktension 
(N/mm) 
1 1885 0.36 100 6.786 
F = (
EA
L
) ∙ ∆L                                                                  (4.25) 
k =
EA
L
                                                                            (4.26) 
where F is force applied to the end connector, E is Young’s modulus of the silicon material, A 
is cross-section area of the end connector, L is the length of end connector, ΔL is the elongation 
and ktension is elongation stiffness.  
4.6. Free Field and Demo Tests 
4.6.1. Free Field (FF) Tests 
The plan for the free field tests is given in Table 4.9. Six different free field tests were carried 
out: 1) Empty box, 2) 10 cm of soil depth, 3) 20 cm soil of soil depth, 4) 30 cm soil of soil 
depth, 5) 40 cm of soil depth, and 6) 50cm of soil depth. The schematic illustrations of free-
field tests are demonstrated in Figure 4.38.  
Table 4.9. The plan of free-field tests  
Test 
No. 
Soil Depth 
(H), mm 
Fault 
Displacement 
(δ), mm 
FF-1 0 300 
FF-2 100 300 
FF-3 200 300 
FF-4 300 300 
FF-5 400 300 
FF-6 500 300 
 
 
 
4-50 
 
 
 
Figure 4.38. Schematic sketch of a) free field test 1, b) free-field test 2, c) free field test 3, d) 
free-field test 4, e) free-field test 5, and f) free-field test 6 
4.6.1.1. Model Preparation 
The preparation for the free-field tests is given in four steps as below. 
a) Soil Filling 
This step is for Tests 2-6. The empty box test starts from the second step. The soil was pluviated 
into the box up to the desired level by using funnel keeping same height of fall. The height of 
fall of the soil was 200 mm for all tests.  The small metal containers were placed in the soil at 
different depths to measure the relative density of the test soil (Figure 4.39). The steps for the 
calculation of relative densities at different depths were explained as follows: 
a) After each test, the small containers full of the soil were taken and weighted. The weight and 
volume of the containers are known. The soil weight can be calculated then the natural density 
of the soil (𝛾𝑛) can be calculated by using Equation 4.27. 
𝛾𝑛 =
𝑊
V
                                                         (4.27) 
a) 
b) 
c) 
d) 
e) 
f) 
Empty Box 
10 cm soil depth 
20 cm soil depth 
30 cm soil depth 
40 cm soil depth 
50 cm soil depth 
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where W is the weight of the soil and V is the volume of the container. 
b) Red Hill 110 dry sand was used in the experiments, consequently, water content (w) of the 
soil is assumed to be equal to zero. The void ratio of the soil can be calculated using Equation 
4.28.  
𝛾𝑛 =
𝐺𝑠 ∙ 𝛾𝑤(1 + 𝑤)
1 + 𝑒
                                                  (4.28)  
where 𝐺𝑠 is specific gravity of the soil, 𝛾𝑤 is the density of the water, w is water content of the 
soil and e is the void ratio of the soil. 
c) The relative density of the soil at different depths can be calculated using the equation as 
follow: 
𝑅𝐷 =
𝑒𝑚𝑎𝑥 − 𝑒
𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛
                                                         (4.29) 
where  𝑒𝑚𝑎𝑥 is the void ratio of the soil in its loosest state and 𝑒𝑚𝑖𝑛 is the void ratio of the soil 
in its densest state. 
 
Figure 4.39. The illustration showing the small metal containers at different depths 
b) Load Cell and Laser Displacement (LD) Sensor Checking 
The load cell and LD sensor were checked whether they are working properly or not. 
c) Creating Grids on Soil Surface and placing the markers 
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This step is for Tests 2-6. The mat was used to create a grid on the soil surface. The markers 
were placed at the intersection points in the grid. The spacing of the markers is 50 mm.  
d) Cameras Checking 
Three cameras were checked if they were working properly or not and their locations were 
checked before each test.  
4.6.2. Demo Tests (DT) 
The plan of demo tests is given in Table 4.10. Two different demo tests were carried out: 1) 
Pipe burial depth of 250 mm and 2) pipe burial depth of 350 mm. High-Density Polyethylene 
(HDPE) pipes with 50 mm diameter and 3 mm wall thickness were used. The fault crossing 
angle was 90° for two demo tests and maximum fault displacement of 300 mm was applied to 
the movable box. The schematic illustration of strain gauge layouts and demo tests are 
demonstrated in Figure 4.40 and Figure 4.41, respectively.  
Table 4.10. The plan of demo tests  
Test 
No. 
Pipe 
Diameter 
(D), mm 
Pipe wall 
thickness 
(t), mm 
Burial 
Depth 
(H), 
mm 
Fault 
Crossing 
Angle (β), 
° 
Fault 
Displacemen
t (δ), mm 
Strain 
gauge 
Layout 
DT-1 50 3 250 90 300 I 
DT-2 50 3 350 90 300 II 
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Figure 4.40. Schematic sketch of strain gauge layouts for a) Demo Test 1, b) Demo Test 2 
 
Figure 4.41. Schematic sketch of a) Demo Test 1, b) Demo Test 2 
a) 
b) 
a) 
b) 
Burial Depth: 250 mm 
Fault crossing angle: 90° 
 
 
Burial Depth: 350 mm 
Fault crossing angle: 90° 
 
Demo Test 1 
 
 
Demo Test 2 
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4.6.2.1. Model Preparations 
a) Initial Soil Filling 
The Redhill sand (test soil) was poured into the boxes up to the level of pipe. The sand was 
pluviated using funnel keeping the same height of fall. The height of the fall of the soil was 200 
mm. 
b) Placing HDPE Pipe 
The HDPE pipe was placed at the desired level and it is connected to end connectors. Technicqll 
gel glue adhesive was used to attach the silicone end connector and the HDPE pipe. The 
Technicqll gel glue provides strong and durable bonding of all materials having surfaces 
smooth, porous, elastic and stiff.  In addition to using the glue,  plastic ties were used to 
strengthen the connection between the pipes and the end connectors.  Sliding between the 
pipeline and the inner wall of the end connector is aimed to be prevented by using the glue and 
plastic ties.  Figure 4.42 demonstrates the plan view of the experiment showing end connectors 
and plastic ties.   
 
Figure 4.42. The plan view of the experiment showing end connectors and plastic ties 
c) Sensor Cable Connecting and Checking 
Strain gauges were connected to the terminals and these terminals were linked to the DAQ.  The 
load cell was connected to the DAQ. The LD sensor was connected to the PC via USB and the 
Plastic ties 
End 
Connector 
HDPE pipe 
Plastic ties 
End 
Connector 
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cameras were controlled via an application installed into the smartphones. All these sensors 
need to be checked before the second filling to make sure all of them are working properly.  
d) Secondary soil filling and placement of small containers into the soil 
The soil filling was continued once all the sensors are checked. The soil was poured into the 
box until the desired burial depth of the pipe was reached. During the soil filling, small metal 
containers were placed into different depths as explained in section 4.6.1.1.  
e) Creating Grids on Soil Surface and placing the markers 
Once the desired soil level was reached, the grid was created on the soil surface. The grid was 
drawn using a mat. The purpose of the grid is to create intersection points where markers will 
be placed. The spacing of the markers is 50 mm. The markers were located at the intersection 
points of the grids. The placement of markers on the soil surface was demonstrated in Figure 
4.43.  
 
Figure 4.43. A photo showing the placement of the markers on the soil surface 
f) Cable Fixation and Sensor Checking 
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Once the markers are placed on the soil surface, the preparation of the small-scale model test is 
almost completed. All the instruments need to be checked again to observe whether they are 
working properly or not. Also, the cameras should be checked whether they are working right 
and they are placed at the right location. Then, the model setup is ready to start performing the 
tests.    
4.7. Proposed seismic mitigation technique – Tyre Derived Aggregate (TDA) + sand 
mixture surrounding pipelines 
The test plan for the proposed seismic mitigation technique is given in Table 4.11. Four 
different model tests were performed: 1) 100% of TDA in volume in the square trench, 2) 100% 
of TDA in volume in the rectangular trench, 3) 100% of TDA in volume in a triangle shape, 
and 4) 50% of TDA in volume in a triangle shape. The schematic sketch showing the trench 
conditions for TDA - soil mixtures is illustrated in Figure 4.44. As seen in the work of Sim et 
al. (2012) and Ni et al. (2018) vertical and sloped trenches were used for the TDA backfill. In 
their study, 100% of TDA was used as a backfill material. In this study, both vertical and sloped 
trenches were used for the TDA backfill. 100% TDA backfill was used for three cases (MT-1, 
MT-2 and MT-3) while 50% TDA and 50% sand mixture backfill were used in MT-4 to 
investigate the effect of soil inclusion into TDA backfill on the mitigation performance.     
Table 4.11. Experiment plan for seismic mitigation technique – TDA + sand mixture 
surrounding the pipe-  
Test 
No. 
Pipe 
Diameter 
(D), mm 
Pipe wall 
thickness 
(t), mm 
Burial 
Depth 
(H), 
mm 
Fault 
Crossing 
Angle (β), 
° 
Fault 
Displacement 
(δ), mm 
Percentag
e of TDA 
(%) 
Trench 
Shape 
Strain 
Gauge 
Layout 
MT-1 50 3 350 90 300 100 Square II 
MT-2 50 3 350 90 300 100 Rectangular II 
MT-3 50 3 350 90 300 100 Triangular II 
MT-4 50 3 350 90 300 50 Triangular II 
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Figure 4.44. A schematic illustration showing the trench conditions for TDA - soil mixtures 
Figure 4.45a shows particles of the TDA used in the experiments and grain size distribution of 
the TDA that was obtained from sieve analysis is shown in Figure 4.45b. The average particle 
size (D50) of the tyre-chips is obtained as 3 mm from Figure 4.45b. The unit weight of the TDA 
(γTDA) is 4.73 kN/m3 at the relative density that was used in the experiments. 
 
MT-1 MT-3 
MT-2 MT-4 
a) 
Tyre derived aggregate 
Tyre derived aggregate 
 
Tyre derived aggregate 
and sand mixture (50%) 
Tyre derived aggregate 
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Figure 4.45. a) A photo showing particles of tyre-chips used in the experiments,  b) Sieve 
analysis of the Tyre derived aggregate (TDA) used in the experiments 
4.7.1. The aims of the tests 
The aims of the tests are summarised as follows: 
1) To assess the efficiency of a proposed seismic mitigation technique 
2) To observe the effects of the TDA percentage and trench shape on pipeline response to 
faulting 
4.7.2. Preparation for MT-1 and MT-2 
The steps for the test preparation are given as follows: 
4.7.2.1. First level soil filling (to the level 125mm) 
The soil was poured into the boxes till 125 mm of soil depth was reached. 
4.7.2.2. Placing HDPE pipe 
The HDPE pipe was located at the desired level and it was connected to end connectors.  
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4.7.2.3. Sensor Cable Connecting and Checking  
Strain gauges were connected to the terminals which are linked to the DAQ. Laser displacement 
sensors were connected to the PC via USB and the load cell was connected to the DAQ. 
Cameras were controlled via an application installed into the smartphones. All these sensors 
need to be checked whether they are working properly before proceeding to the following steps.    
4.7.2.4. Placement of the trench frame and second level soil filling 
The trench frame was placed in the boxes as shown in Figure 4.46a. An isometric illustration 
of the trench frame is demonstrated in Figure 4.46b. Figure 4.46c shows the photo of the trench 
frame and placement of pipeline in it. After placing the trench frame, second level soil filling 
can be done (Figure 4.46a). The trench frame was constructed from wooden plates with a 
thickness of 15 mm as shown in Figure 4.44a. 
   
a) b) 
Thickness=15mm 
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Figure 4.46. a) Schematic illustration showing the placement of trench frame and second 
level filling, b) an isometric sketch of trench frame and c) a photo of the trench frame and 
pipeline 
4.7.2.5. TDA - sand mixture filling 
The TDA and sand mixture was poured into the trench frame until the desired level of the 
mixture is reached (Figure 4.47a-b).  
 
c) 
a) 
Tyre derived 
aggregate + Sand 
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Figure 4.47. a) A schematic illustration showing TDA filling into the trench frame and b) a 
photo showing TDA filling into the trench frame 
4.7.2.6. Removing the trench frame and third level soil filling (Final level filling) 
Once the TDA – sand mixture filling was completed, the trench frame was removed. Then, 
third level soil filling was done as shown in Figure 4.48. Once the trench frame was removed, 
the interface wall between sand and the TDA was collapsed. Therefore, the side walls of the 
trench were not exactly vertical due to the collapse of the interface between the sand and TDA.   
 
Figure 4.48. A schematic illustration showing the removal of the trench wall and third level 
soil filling   
4.7.2.7. Creating Grids on Soil Surface and placing the markers 
The grid with a spacing of 50 mm was created on the soil surface using the mat. The markers 
were placed at the intersection points of the grids. 
b) 
Tyre derived 
aggregate + Sand 
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4.7.2.8. Cable Fixation and Sensor Checking 
As a final step, all the instruments should be checked if they are working properly. The cameras 
should also be checked whether they are working properly and their locations are right. Finally, 
the setup is ready to start carrying out the tests.  
4.7.3. Preparation for MT-3 and MT-4 
The steps for the test preparation are given as follows: 
4.7.3.1. Creating triangular trench  
The schematic illustration of creating a triangular trench is demonstrated in Figure 4.49. The 
angle of trench slope was calculated as approximately 31.43°.  The photo of the triangular trench 
from plan view is shown in Figure 4.49b. 
 
 
a) 
b) 
End 
Connector 
End 
Connector 
HDPE pipe 
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Figure 4.49. a) A schematic sketch of triangular trench showing its dimensions, b) a photo 
showing triangular trench and the pipeline  
4.7.3.2. First level TDA filling (to the level 125 mm) and placing HDPE pipe 
The TDA was poured into trench up to the level of 125 mm and then the HDPE pipe was located 
on the TDA. Finally, it was connected to end connectors. Figure 4.50 shows the schematic 
sketch of first level TDA filling and placement of the HDPE pipe on it. 
 
Figure 4.50. A schematic illustration of first level TDA filling and placement of HDPE pipe 
4.7.3.4. Sensor Cable Connecting and Checking  
Strain gauges were connected to the terminals which are linked to the DAQ. Laser displacement 
sensors were connected to the PC via USB and the load cell was connected to the DAQ. 
Cameras were controlled via an application installed into the smartphones. All these sensors 
need to be checked whether they are working properly before proceeding to the following steps.   
4.7.3.5. Second level TDA filling 
Figure 4.51a demonstrates the schematic sketch of the second level of TDA filling. The plan 
view photo of the second level TDA filling is shown in Figure 4.51b.    
Tyre derived aggregate + Sand 
Tyre derived aggregate + Sand 
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l  
Figure 4.51. a) A schematic sketch showing the second level of TDA filling and b) a photo 
showing second level TDA filling 
4.7.3.6. The final level of soil filling 
The schematic sketch of the final level of soil filling is shown in Figure 4.52.  
 
Figure 4.52. A schematic sketch showing the second level of TDA filling 
a) 
b) 
End 
Connector 
End 
Connector 
Tyre Derived Aggregate (TDA) 
Tyre derived aggregate + Sand 
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4.7.3.7. Creating Grids on Soil Surface and placing the markers 
The grid with a spacing of 50 mm was created on the soil surface using the mat. The markers 
were placed at the intersection points of the grids. 
4.7.3.8. Cable Fixation and Sensor Checking 
As a final step, all the instruments should be checked if they are working right. The cameras 
should also be checked whether they are working properly and their locations are right. Finally, 
the setup is ready to start carrying out the tests.  
4.8. A Physical Model Test for Axial soil-pipe interaction 
Axial soil-pipe friction coefficient (𝜇𝑓) is dependent on the pipe coating coefficient (f) and 
internal friction angle (𝜑) for granular materials. The equation to calculate 𝜇𝑓   for granular soils 
are given in Equation 4.30. The values of pipe coating coefficients for various pipe materials 
are given in Table 4.12. 
𝜇𝑓 = tan(𝑓𝜑)                                                                 (4.30) 
Table 4.12. Pipe coating coefficient for various pipe materials (ASCE, 1984)  
Pipe Coating f 
Concrete 1 
Coal Tar 0.9 
Rough Steel 0.8 
Smooth Steel 0.7 
Fusion Bonded Epoxy 0.6 
Polyethylene 0.6 
As mentioned in earlier sections, the contact behavior at the pipe-soil interface is defined by 
using tangential and normal contacts. Tangential contact simulates friction behavior between 
pipe and soil. This contact algorithm considers interface friction with the definition of a friction 
coefficient (𝜇𝑓). Pipe axial strains are strongly influenced by the friction coefficient therefore, 
it needs to be specified under the same conditions (same burial depth, relative density, etc.) with 
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the physical model tests. A small-scale axial push test setup was developed in order to calculate 
the friction coefficient between the HDPE pipe and Red Hill sand. The schematic illustrations 
of the test setup are shown in Figure 4.53a-b and the photos of the test setups showing the plan 
view and side view are shown in Figure 4.53c-d.  
 
a) 
b) 
Pipe Movement 
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Figure 4.53. a) A schematic illustration showing test set-up and its dimensions, b) a 
schematic illustration showing the side view of the test setup, c) a photo of the plan view of 
the test setup, d) a photo of test setup showing instrumentations 
A small wooden box with dimensions of 470 mm length, 560 mm width and 400 mm height 
was used to perform the pipe-push test. The holes with a diameter of 32 mm were drilled on the 
side walls of the box. An HDPE pipe with a 30 mm outer diameter was placed into the box 
through the holes as seen in Figure 4.53d. An electrical actuator was used to push the pipe 
through the soil. The actuator was bolted to the wooden resistance frame. A load cell with 50 
kN maximum load capacity was attached at the tip of the electrical actuator. The load cell 
measures the force applied to the pipe to move it axially. A wood plate was placed between the 
load cell and HDPE pipe. An LD sensor was placed on the actuator and it measures the distance 
between the wood plate and itself through the time. 
4.9. Summary 
The review of earlier test rigs provides very beneficial information on how to start and what 
parameters to consider when designing a new test rig. Furthermore, a review of sensors used in 
the earlier experimental studies gives ideas on the selection of sensors for the planned 
experimental study. Boundary effects related side and bottom walls and pipe end conditions 
need to be taken into consideration to design reliable experimental tools. The selection of proper 
sensors (e.g. strain range for strain gauges, load capacity for load cells, etc.) is essential to obtain 
LD sensor 
Actuator 
Red Hill 
Sand 
c) d) 
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reliable results from the experiments. Free-field and demo tests are performed to assess the 
performance of a newly developed experiment setup. The performance of a newly proposed 
seismic mitigation technique needs to be assessed through physical model tests.  
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5. Experiment Results 
5.1. Introduction 
A series of model tests have been carried out in the scope of this research. The tests can be 
grouped into two categories: a) Free-Field and Demo tests, b) Model tests. Free-Field and Demo 
tests have been performed to assess the performance of the newly developed experiment setup 
of buried continuous pipelines crossing strike-slip faults. Model tests have been performed to 
assess the performance of the proposed end connector, the proposed seismic mitigation 
technique and to create a non-dimensional framework to compare model test results with the 
earlier experimental studies.  A summary of the physical model tests performed in this study 
showing the key parameters for each test is shown in Table 5.1. 
 
5 
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Table 5.1.  Summary of the physical model tests 
Test 
Burial 
Depth (H), 
mm 
H/D 
Fault 
Crossing 
Angle (β), ° 
End Conditions Reference 
DT-1 
(ET-1) 
250 5 90 End Connector 
See Table 4.3  
DT-2 
(ET-2) 
350 7 90 End Connector 
ET-3 350 7 90 Free End 
ET-4 350 7 90 Fixed End 
ET-5 350 7 15 End Connector 
ET-6 350 7 -15 End Connector 
MT-1 350 7 90 End Connector 
See Table 
4.11 
MT-2 350 7 90 End Connector 
MT-3 350 7 90 End Connector 
MT-4 350 7 90 End Connector 
Pipe Diameter (D) is 50 mm, pipe wall thickness (t) is 3 mm for all tests and maximum fault 
displacement in the model tests is 300 mm. MT-1, MT-2, MT-3 and MT-4 are mitigation 
technique model tests. Trench shapes and TDA contents for these tests are given in Table 
4.11. 
5.2. Free Field and Demo Test Results 
5.2.1. Free Field Test Results 
Figure 5.1 shows displacement values obtained by the Laser Displacement (LD) sensor for each 
free-field test. As seen in the figure, the fault offset rate decreases with the increase in soil 
weight in the boxes. The average offset rate ranges between 0.22-0.29 m/min for various six 
free-field tests. These offset rates are relatively small compared to prototype offset rates as 
mentioned in Section 3.8.   The difference in offset rates is due to the constant force applied by 
the actuator. Once the mass of the boxes increases, the acceleration of the movable box 
decreases in the case of the constant force applied by the actuator. 
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Figure 5.1. Displacement data obtained by the LD sensor 
The load results obtained from the load cell during each free-field test are demonstrated in 
Figure 5.2. As seen in Figure 5.2a, the values of the load peak at around 30 mm displacement 
due to the combination of soil shear strength and the friction forces between side walls of the 
boxes and insulation materials that prevent the soil from leaking out of the boxes. The load also 
includes friction forces between bearings and rails. For other free field tests, the soil shearing 
forces are added to these friction forces. After shearing of the soil, the load decreases up to a 
certain value and then it stabilizes at this value (residual strength). Figure 5.2b shows the load 
displacement relationship for the pure frictional force between soils for various soil heights. 
These load-displacement curves are obtained by eliminating load-displacement data of the 
empty box from those data of each test.  
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Figure 5.2. a) Load/displacement curves obtained by the load cell and LD sensor during each 
free-field tests, b) load/displacement curves obtained obtained by the load cell and LD sensor 
during each free-field tests (pure frictional force between soils)   
5.2.2. Demo Test (DT) Results 
Axial strain distributions along the pipeline under various fault displacements for Demo Test-
1 (DT-1) are demonstrated in Figure 5.3. The normalized pipe burial depth (H/D) is equal to 
5.0 in this test.  Data points obtained from strain gauges and trend-lines for these points are seen 
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in the figure. Maximum axial strains are expected to develop at the fault trace and it is expected 
to decrease with distance along the pipeline. The trend-lines for axial strains show an expected 
trend as seen in the figure. 
Figure 5.4 shows axial strain distribution along the pipeline under various fault displacements 
for Demo Test-2 (DT-2). The normalized pipe burial depth (H/D) is equal to 7.0 in this test. 
Data points are obtained by strain gauges and trend-lines are plotted in Figure 5.4. The trend-
lines shows a similar trend to those in DT-1 that axial strains decrease with the distance along 
the pipeline. 
Axial strains within the pipes increase with the increase in the burial depth as seen in Figures 
5.3 and 5.4. For instance, peak axial strain in DT-1 under 300 mm of fault displacement is 
approximately 0.0027 while the peak axial strain in DT-2 under the same fault displacement is 
around 0.0031. Other peak axial strains under various fault displacements for DT-1 and DT-2 
experience the same trend, confirming that soil-pipe friction forces increase with burial depth 
of the pipe.   
 
 
 
  
 
 
 
 
 
 
Figure 5.3. Axial strain distribution for DT-1 (ET-1), (H/D=5.0) 
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Figure 4.7. Axial strain distribution for Test 1 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Axial strain distribution for DT-2 (ET-2), (H/D=7.0) 
Figure 5.5 shows the deflected pipeline after the test and distribution of bending strain along 
the pipeline for DT-1. These bending strains are for six different fault displacements ranging 
between 50 mm (𝛿 = 1𝐷) and 300 mm (𝛿 = 6𝐷). The deflected shape of the pipeline after 
DT-2 and the distribution of bending strain along the pipeline is shown in Figure 5.6. These 
bending strains are also for six different fault displacements ranging between 50 mm (𝛿 = 1𝐷) 
and 300 mm (𝛿 = 6𝐷).    
As seen in the figures, bending strains are approximately equal to zero at the vicinity of fault 
trace and bending strain distribution is symmetrical at around the fault trace. Furthermore, 
bending strains increase with the increase in the burial depth of the pipe. These trends are 
consistent with the earlier experimental studies.  
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Figure 5.5. Bending strain distribution for DT-1 (ET-1) 
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Figure 5.6. Bending strain distribution for DT-2 (ET-2) 
As observed from axial and bending strain distribution plots, buried continuous pipelines 
crossing strike-slip faults with 90° of fault crossing angle are experienced bending dominated 
behavior since bending pipe strains are much larger than axial pipe strains in the vicinity of 
fault crossings.  
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5.2.2.1. Comparison with the Analytical Model 
The bending and axial pipe strains obtained by the tests were compared with the prediction of 
the analytical method proposed by Sarvanis and Karamanos (2017). The bending and axial 
strains were calculated for various fault displacements, ranging from 0 to 6 pipe diameter (𝛿 =
0 − 6𝐷). The input parameters for the analytical model are shown in Table 5.2. The values of 
lateral soil resistance for various H/D ratios are calculated by using Equation 2.3 in Section 
2.7.2.6.    
Table 5.2. Input parameters for the Sarvanis and Karamanos Model  
Test No 
Pipe 
Diameter 
(𝐷), mm 
Pipe Wall 
Thickness 
(𝑡), mm 
H/D 
Lateral Soil 
Resistance 
(𝑞𝑢1 = 𝑞𝑢2), 
N/m 
Young's 
Modulus (𝐸) of 
HDPE, 𝑁/𝑚2  
Fault 
Angle (𝛽), 
° 
DT-1 
(ET-1) 
50 3 5 1460 750000000* 0 
DT-2 
(ET-2) 
50 3 7 2244 750000000* 0 
* Young’s modulus of HDPE material was taken as 750 MPa as referenced in the work of Ha et al. 
(2008). 
Pipe bending and axial strains measured by the tests and calculated by the Sarvanis and 
Karamanos method (2017) is evaluated as a function of normalized fault displacements (𝛿/𝐷). 
The analytical model proposed by Sarvanis and Karamanos (2017) was validated by 3D FE 
analysis. Equivalent end boundary springs were placed at pipe ends in the 3D FE model. Figure 
5.7 and 5.8 shows comparisons of measured and calculated bending and axial strains for various 
fault offsets.    
The behavioral trend for peak bending and axial strains measured by model tests are consistent 
with those values calculated by the analytical method proposed by Sarvanis and Karamanos 
(2017). However, the analytical model over-predicts the peak bending strains under varying 
fault displacements. The divergence increases between measured and calculated strains with 
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the increase in fault displacements. Furthermore, the predicted and measured peak axial strains 
are quite close under relative small fault displacements (𝛿  3𝐷) whereas the divergence 
between measured and predicted axial strains increases under increasing fault displacements 
(3𝐷 𝛿 6𝐷). The divergence between the measured and predicted axial strains might occur 
due to the inadequate stiffness of the pipe end connectors. It is important to note that both peak 
axial and bending strains are non-linear with increasing normalized fault displacement: (a) the 
peak bending strain saturates with increasing normalized fault displacements (logarithmic 
growth), (b) the peak axial strain experience exponential growth with increasing normalized 
fault displacements. 
 
Figure 5.7. Peak bending strains predicted by the Sarvanis and Karamanos (2017) model 
compared with experimental data for various fault offsets 
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Figure 5.8. Peak axial strains predicted by the Sarvanis and Karamanos (2017) model 
compared with experimental data for various fault offsets 
5.2.2.1. Relative density throughout the soil depth 
Six small containers are buried at various depths and locations in order to calculate the unit 
weight of the soil at these locations. By using calculated unit weights, relative densities at these 
points are calculated. The locations and depths of the containers are illustrated in Figure 5.9 a-
b. The calculated relative densities at each location are given in Table 5.3. As seen in the table, 
the values of relative densities range between 28.0% and 39.8%.   
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Figure 5.9. The schematic illustration showing the location of the small container on a) plan 
view and b) side view of the test setup 
Table 5.3. The calculated relative densities at 6 different locations  
Location 
Depth 
(cm) 
The volume of 
the Container 
(cm3) 
Weight 
of soil 
(g) 
Unit 
Weight 
(g/cm3) 
Void 
ratio, e 
RD 
(%) 
A1 20 64.53 9 0.13947 0.90005 31.6 
A2 10 64.33 8.9 0.138349 0.915444 28.0 
A2 35 65.42 9.2 0.14063 0.88438 35.3 
B1 35 61.58 8.75 0.142092 0.864994 39.8 
B1 10 65.54 9 0.137321 0.929789 24.6 
B2 20 62.34 8.65 0.138755 0.909838 29.3 
 
5.3. Performance of proposed end connectors  
For assessment of the performance of the newly developed end connectors, three different 
model tests with various pipe end conditions were performed. Table 5.4 gives the pipe diameters 
(𝐷), pipe wall thicknesses (𝑡), burial depths (𝐻) and pipe end conditions used in the model 
1.80 m 
0
.8
0
 m
 
a) 
b) 
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tests. Red Hill 110 Silica sand with a relative density of approximately 35% is used in the 
experiments. The maximum fault displacement () used in the tests was 300 mm (𝛿/𝐷 = 6). 
Table 5.4. Model tests with different pipe end conditions 
Test 
No 
Pipe 
Materia
l 
Pipe 
Diameter 
(D), mm 
Pipe Wall 
Thickness 
(t), mm 
Burial 
Depth 
(H), mm 
Pipe End Conditions 
 DT-2 
(ET-2) 
HDPE 50 3 350 
End Connector (L=100 
mm) 
 
ET-3 
 
HDPE 
 
50 
 
3 
 
350 
 
Free End 
 
ET-4 
 
HDPE 
 
50 
 
3 
 
350 
 
Fixed End 
 
Figure 5.10a-b shows bending and axial pipe strain distribution along pipelines for various pipe 
end conditions for 300 mm (𝛿/𝐷 = 6.0) of fault displacement. The values of bending strains 
for various cases are quite similar while axial strains for fixed end conditions are much larger 
compared to other cases. 
Peak bending and axial strains under various fault displacements are plotted in Figure 5.11a-b. 
Peak bending strains of each condition increase with the increase in fault displacements. The 
maximum peak bending strains develops for free end pipe conditions while the minimum peak 
bending strains occur under fixed pipe end conditions. The maximum peak axial strains occur 
when pipe ends are fixed. The minimum peak axial strains develop under free end pipe 
conditions as expected. As seen in Figure 5.11b, the end connector makes little difference in 
axial pipe strains compared to the free end condition. This is due to inadequate stiffness of the 
end connector used in the model tests. The target stiffness for the end connector is calculated 
as 75 N/mm as mentioned in Section 4.3.3. However, the stiffness of the end connector used in 
the experiments is equal to 6.786 N/mm. The target stiffness is ten times larger than the stiffness 
of the end connectors that were used in the experiments. Therefore, the values of pipe axial 
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strains for the case of pipe with end connector and for the case of pipe with free end conditions 
are close.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. a) Bending strain distribution for various pipe end conditions, b) axial strain 
distribution for various pipe end conditions  
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Figure 5.11. a) Peak axial strains (a,max) vs. normalized fault displacements (/D), b) peak 
bending strains (b,max) vs. normalized fault displacements 
It is therefore clear from Figure 5.11b that the use of the novel connector reduced the axial 
strain in the pipe and shows its effectiveness. The divergence between measured and 
theoretically expected peak axial strains might occur due to the inadequate stiffness of the pipe 
end connectors. A stiffer end connector (k=75 N/mm) needs to be used to obtain a good match 
with the values of axial pipe strains calculated by the analytical method. Furthermore, it is also 
a) 
b) Normalized fault displacement (δ/D) 
P
ea
k
 B
en
d
in
g
 S
tr
a
in
 (
ε b
,p
ea
k
) 
Normalized fault displacement (δ/D) 
P
ea
k
 A
x
ia
l 
S
tr
a
in
 (
ε a
,p
e
ak
) 
Theoretically expected 
Theoretically expected 
4 
2 
1 
4 
3 
2 
1 
3 
[1] Proposed End Connector – Measured 
[EXPERIMENTAL] 
[2] Free End – Measured 
[EXPERIMENTAL] 
[3] Fixed End – Measured 
[EXPERIMENTAL] 
[4] Sarvanis and Karamanos (2017) 
Calculated [ANALYTICAL] 
[1] Proposed End Connector – Measured 
[EXPERIMENTAL] 
[2] Free End – Measured 
[EXPERIMENTAL] 
[3] Fixed End – Measured 
[EXPERIMENTAL] 
[4] Sarvanis and Karamanos (2017) – Calculated 
[ANALYTICAL] 
H/D = 7.0 
H/D = 7.0 
5-16 
 
important to note that the novel end connector doesn’t affect the peak bending strain in the pipe 
as end connectors are placed out of the curved zone. This also collaborates with the 
expectations.  
5.4. Physical Model Test Results  
The variation of peak bending strains with normalized fault displacements for 4 model tests is 
plotted in Figure 5.12. Peak bending strains show logarithmic growth with the increase in fault 
displacements. Peak bending strains experience plateau with the increase in fault displacements 
due to that ultimate lateral soil resistance is reached. Peak bending strains increase with the 
increase in the burial depth. Figure 5.13 shows the variation of peak axial strains with 
normalized fault displacements for 4 model tests. Peak axial strains increase with increasing 
burial depth and larger peak axial strains occur at -75° and +75° fault crossings. These findings 
are consistent with the results of earlier experimental studies.    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12. Peak Bending Strain vs. Normalized Fault Displacement for model tests 
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Figure 5.13. Peak Axial Strain vs. Normalized Fault Displacement for model tests 
5.4.1. Non-dimensional framework 
It is of interest to compare the results of four small-scale model tests with case studies and 
earlier experimental studies including large-scale and centrifuge tests. Experimental studies and 
case studies in the literature are grouped into two categories: 1) Buried continuous pipelines 
under bending and tension due to faulting and 2) buried continuous pipelines under bending 
and compression due to faulting. The next sections present a non-dimensional framework for 
buried continuous pipelines under bending + tension and bending + compression. 
5.4.1.1. Buried continuous pipelines under bending and tension 
O’Rourke et al. (2003, 2005), Ha et al. (2008), Abdoun et al. (2009) and Xie et al. (2011) 
performed centrifuge tests of buried continuous pipelines crossing strike-slip faults using 
various pipe material, dimensions, and pipe end conditions. All these experimental pipelines 
are subjected to combined bending and tension forces depending on the fault crossing angle. 
The pipe materials and end conditions used in these experiments are summarized in Table 5.5.  
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Table 5.5. Pipelines under bending + tension (earlier studies and model tests)  
Number Test 
Fault 
type 
Pipe 
Material 
End 
Conditions 
Reference 
[1] Centrifuge 
Strike-
slip 
Aluminum Pinned O'Rourke (2003, 2005) 
[2] Centrifuge 
Strike-
slip 
Aluminum Pinned O'Rourke (2003, 2005) 
[3] Centrifuge 
Strike-
slip 
HDPE Pinned 
Ha et al. (2008), Abdoun et 
al. (2009), Xie et al. (2011) 
[4] Centrifuge 
Strike-
slip 
HDPE Pinned 
Ha et al. (2008), Abdoun et 
al. (2009), Xie et al. (2011) 
[5] Centrifuge 
Strike-
slip 
HDPE Pinned 
Ha et al. (2008), Abdoun et 
al. (2009), Xie et al. (2011) 
[6] DT-1 (ET-1) 
Strike-
slip 
HDPE 
End 
Connector 
This Study 
[7] DT-2 (ET-2) 
Strike-
slip 
HDPE 
End 
Connector 
This Study 
[8] ET-5 
Strike-
slip 
HDPE 
End 
Connector 
This Study 
 
Figure 5.14a-c plots variation of peak bending strains (𝜀𝑏,𝑚𝑎𝑥) with normalized fault 
displacements (𝛿/𝐷) for various values of relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼), the ratio of 
the pipe diameter to wall thickness commonly known as slenderness ratio (𝐷/𝑡), fault crossing 
angles (𝛽) and pipe end conditions. It is observed that peak bending strains increase with the 
increase in H/D ratio by comparing Test [1] and Test [2], Test [3] and Test [5], Test [6] and 
Test [7] as seen in Figure 5.14a. An increase in H/D increases kD4/EI as well as peak bending 
strains. Considering these test results, it is concluded that pipelines should be buried at shallow 
depths at fault crossings.  
As seen in Figure 5.14b, larger bending strains under the same fault displacements develop for 
the case of 𝛽 = 90° than the case of 𝛽 < 90° (see Test [3] and Test [4]; Test [7] and Test [8] 
in the legend). It is observed from Figure 5.14b that peak bending strains are slightly influenced 
by fault crossing angles. Figure 5.14c shows the effect of relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼)  
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on peak bending strains. Peak bending strains increase with the increase in 𝑘𝐷4/𝐸𝐼. Therefore, 
using a softer backfill surrounding buried pipelines decreases peak pipe bending strains. As 
seen in Figure 5.14a-c, the variation of peak bending strains with increasing normalized fault 
displacements for all tests shows a logarithmic growth trend. Soils reach their ultimate reaction 
force at a certain relative soil-pipe displacement and they do not impose extra force on buried 
pipelines as they cannot exceed their ultimate reaction force. Due to that reason, peak bending 
strain saturates with increasing normalized fault displacements (logarithmic trend).    
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Figure 5.14. Variation of bending strains with normalized fault displacements, a) for various 
values of  H/D ratios, b) for various values of fault crossing angles (β), c) for various values 
of relative soil-pipe stiffness (kD4/EI) 
Figure 5.15a-c shows the variation of peak axial strains (εa, max) with normalized fault 
displacement for various values of relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼), the ratio of the pipe 
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diameter to wall thickness commonly known as slenderness ratio (𝐷/𝑡), fault crossing angles 
(𝛽) and pipe end conditions. The variation of peak strains with increasing normalized fault 
displacements for Test [1], Test [2], Test [6] and Test [7] is not clearly visible as the magnitude 
of peak axial strains for these tests is much smaller compared to Test [3] and Test [5]. Therefore, 
a small graph at the bottom right of Figure 5.15a is plotted to show the variation of peak axial 
strains with normalized fault displacements in detail. As seen in Figure 5.15a, peak axial strains 
increase with increasing pipe burial depths similar to peak bending strains (see Figure 5.14a). 
It is concluded by comparing Test [3] and Test [4] that the change in the fault crossing angle 
significantly influences peak axial bending strains as seen in Figure 5.15b. Buried pipelines 
crossing strike-slip faults with a crossing angle of  90° experiences much smaller peak axial 
strains compared to those crossing strike-slip faults with a crossing angle that is smaller than 
90°. Figure 5.15c shows the effect of relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼) on peak axial strains. 
Peak axial strains increase with the increase in 𝑘𝐷4/𝐸𝐼.  
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Figure 5.15. Variation of axial strains with normalized fault displacements, a) for various 
values of  H/D ratios, b) for various values of fault crossing angles (β), c) for various values 
of relative soil-pipe stiffness (kD4/EI) 
Pipe axial strains are predominantly influenced by fault crossing angle and pipe end conditions 
(i.e. fixed, pinned or end connectors). Larger axial strains develop for the cases of buried 
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pipelines with fixed/pinned end conditions (see Table 5.5). Pinned pipe end conditions were 
used in Test [3] and Test [4] while the proposed end connectors were used in Test [6], Test [7] 
and Test [8]. The magnitude of peak axial strains for Test [3] and Test [4] are much larger than 
those for Test [6], Test [7] and Test [8] as pinned end conditions impose large axial loads on 
buried pipelines.  
5.4.1.2. Pipelines under bending and compression 
Ha et al. (2010) performed a centrifuge test to investigate pipeline response to strike-slip 
faulting when the pipeline is subjected to combined bending and compression forces. Eidinger 
et al. (2002) performed numerical analysis to examine the performance of a 2200 mm diameter 
(18 mm wall thickness, D/t=122) steel pipeline which was subjected to 3 m of fault offset of 
the North Anatolian Fault with a 55.5° of fault crossing angle. Jalali et al. (2016) performed 
large-scale tests of buried continuous pipelines crossing reverse faults to investigate the pipeline 
behavior under reverse faulting.  Some of the case studies and experimental studies including 
large-scale and centrifuge tests reported in the literature are summarised in Table 5.6. 
 
Table 5.6. Pipelines under bending + compression (earlier studies and model tests) 
Number 
 
Test 
Fault 
type 
Pipe 
Material 
End 
Conditions 
Reference 
[1] Centrifuge 
Strike-
slip 
HDPE Pinned Ha et al. (2010) 
[2] Case Study 
Strike-
slip 
Steel Field 
Eidinger et al. (2002) 
and Ha et al. (2010) 
[3] ET-6 
Strike-
slip 
HDPE End Connector This study 
[4] Large-Scale Reverse  Steel Pinned Jalali et al. (2016) 
 
The variations of peak bending strains with normalized fault displacements for various end 
conditions and various values of 𝐷/𝑡, 𝑘𝐷4/𝐸𝐼 and 𝛽 are plotted in Figure 5.16. The bending 
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pipe strains are primarily dependent on /𝑡 , 𝑘𝐷4/𝐸𝐼 and pipe end conditions under combined 
bending and compression. The trend of variation of bending strains with fault displacements is 
changed from logarithmic growth under bending and tension to exponential growth under 
bending and compression. Buried continuous pipelines experience local buckling under 
combined bending and compression forces and due to that peak bending strains experience 
exponential growth under increasing fault displacements. The HDPE pipeline used in the small-
scale model test did not experience local buckling due to different pipe end conditions and small 
values of 𝐷/𝑡. Consequently, peak bending strains in the model tests grow logarithmically 
under increasing fault displacements. It is concluded that peak bending strains are significantly 
influenced by pipe end conditions due to the local buckling occurrence when buried pipelines 
are under bending and compression.        
Figure 5.17 shows the variation of εa, max with 𝛿/𝐷 for various pipe end conditions and various 
values of 𝐷/𝑡, 𝑘𝐷4/𝐸𝐼 and 𝛽. The peak axial pipe strains are predominantly dependent on pipe 
end conditions, 𝛽, 𝐷/𝑡, and 𝑘𝐷4/𝐸𝐼. Peak axial strains increase exponentially under increasing 
normalized fault displacements. The behavior of buried pipelines that are under combined 
bending and compression forces due to faulting is significantly influenced by the slenderness 
ratio (𝐷/𝑡) of the pipes. Even though the Thames water pipeline (Case 2) has one of the smallest 
value of 𝑘𝐷4/𝐸𝐼, maximum bending and axial peak strains developed within this pipeline due 
to that it has the largest value of 𝐷/𝑡. 
Considering these two cases (1. Buried pipelines under tension and bending, 2. Buried pipelines 
under compression and bending), it is concluded that the route of buried pipelines crossing 
faults should be selected in such a way that they are subjected to tension and bending forces. 
Buried pipelines that are subjected to compression and bending due to fault movements 
experience much larger bending and axial strains compared to buried pipelines under tension 
and bending due to the occurrence of local buckling. Buried pipelines crossing faults with an 
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angle of 90° is most preferable as they experience much smaller axial strains than those crossing 
active faults with an angle of β<90°. Thicker pipelines (pipelines with small D/t ratios) should 
be used at fault crossings in order to increase pipeline performance under faulting. 
Axial/bending constraints such as anchor/thrust block, pump station or bents should be avoided 
at fault crossings to reduce axial and bending strains and to increase the performance of buried 
pipelines crossing active faults. It is concluded from Figures 5.14-5.17 that pipelines should be 
buried at shallow depths and in soft soils such as loose sand or soft clay at fault crossings in 
order to reduce peak axial and bending strains within buried pipelines crossing faults.  
 
Figure 5.16. Variation of bending strains with normalized fault displacements for various 
values of relative soil-pipe stiffness (kD4/EI) 
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Figure 5.17. Variation of axial strains with normalized fault displacements for various values 
of relative soil-pipe stiffness (kD4/EI) 
5.5. Proposed Mitigation Technique – Test Results 
5.5.1. Axial and Bending Strain Distribution for the Tests 
Axial and bending strain distributions along the pipeline under various fault displacements for 
different model tests (MT-1, MT-2, MT-3, and MT-4, see Table 4.11 in section 4.7) are plotted 
in Figures 5.18-5.25. MT-1 is the model test with a 150 mm x 150 mm square trench with 100% 
tyre derived aggregate (TDA) backfill. MT-2 is the model test with 150 mm x 250 mm 
rectangular trench with 100% TDA backfill. 220 mm (in height) x 720 mm (in width) triangular 
trench with 100% TDA backfill was used for MT-3. MT-4 is the model test with 220 mm (in 
height) x 720 mm (in width) triangular trench with 50% TDA backfill.  For almost all cases, 
maximum axial strains develop at the vicinity of the fault trace and it decreases along the 
pipeline. Peak axial strains developing under 250 mm (𝛿/𝐷 = 5.0) of fault displacement for 
MT-1, MT-2, MT-3, and MT-4 are 0.18%, 0.16%, 0.097%, and 0.23% respectively. For all 
cases, symmetrical double curvature bending, convex on one side of the fault and concave on 
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the other, develops. The bending strains are equal to zero at around the fault trace. Peak bending 
strains developing under 250 mm (𝛿/𝐷 = 5.0) of fault displacement for MT-1, MT-2, MT-3, 
and MT-4 are 1.8%, 1.6%, 1.4%, and 2.1% respectively. 
 
 
 
 
 
 
 
 
Figure 5.18. Axial strain distributions along the pipeline for various fault displacements for 
MT-1 (150 mm x 150 mm square trench with 100% TDA content, see Figure 4.44) 
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Figure 5.19. Bending strain distributions along the pipeline for various fault displacements 
for MT-1 (150 mm x 150 mm square trench with 100% TDA content, see Figure 4.44) 
 
 
 
 
 
 
 
 
Figure 5.20. Axial strain distribution along the pipeline for various fault displacements for 
MT-2 (150 mm x 250 mm rectangular trench with 100% TDA content, see Figure 4.44) 
 
 
 
 
 
 
 
 
Figure 5.21. Bending strain distribution along the pipeline for various fault displacements for 
MT-2 (150 mm x 250 mm rectangular trench with 100% TDA content, see Figure 4.44) 
Pipe Ends 
Fault Trace 
Distance (x) 
A
x
ia
l 
S
tr
a
in
 (
ε a
) 
δ=50mm δ=100mm δ=150mm δ=200mm δ=250mm δ=300mm 
Pipe Ends 
Fault Trace 
δ=50mm δ=100mm δ=150mm δ=200mm δ=250mm δ=300mm 
Distance (x) 
B
e
n
d
in
g
 S
tr
a
in
 (
ε b
) 
Movable Box Fixed Box 
Movable Box Fixed Box 
 
 
MT-2 
MT-2 
5-29 
 
 
 
 
 
 
 
 
 
Figure 5.22. Axial strain distribution along the pipeline for various fault displacements for 
MT-3 (220 mm x 720 mm triangular trench with 100% TDA content, see Figure 4.44) 
 
 
 
 
 
 
 
 
Figure 5.23. Bending strain distribution along the pipeline for various fault displacements for 
MT-3 (220 mm x 720 mm triangular trench with 100% TDA content, see Figure 4.44) 
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Figure 5.24. Axial strain distribution along the pipeline for various fault displacements for 
MT-4 (220 mm x 720 mm triangular trench with 50% TDA content, see Figure 4.44) 
 
 
 
 
 
 
 
 
Figure 5.25. Bending strain distribution along the pipeline for various fault displacements for 
MT-4 (220 mm x 720 mm triangular trench with 50% TDA content, see Figure 4.44) 
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5.5.2. Assessment of effects of the TDA percentage and trench shape on pipeline 
response to strike-slip faulting   
The variations of peak axial strains within the pipeline with respect to various normalized fault 
displacements for different tests are plotted in Figure 5.26. The results of DT-2 (ET-2) is used 
as a reference in order to assess improvement on the pipe response in terms of axial and bending 
strains. As observed in the figure, the smallest axial strains develop under various 𝛿/𝐷 for MT-
3. MT-3 is for the pipeline surrounded by 100% TDA in the triangular trench shape. Axial pipe 
strains decrease with the increase in the percentage of TDA. Also, trench shape is a significant 
factor influencing pipe axial strains. The minimum peak axial strains develop for the pipeline 
surrounded by 100% TDA in the triangular trench shape (MT-3). Another parameter 
influencing axial pipe strains is the trench dimensions. As observed in MT-1 and MT-2, there 
is a slight difference in peak axial strains for those tests. 
 
 
 
 
 
 
 
 
Figure 5.26. Peak axial strains vs. normalized fault displacements (δ/D)  
The variations of peak bending strains with respect to various normalized fault displacements 
for different tests are plotted in Figure 5.27. The minimum peak bending strains develop in MT-
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3 while maximum peak bending strains occur in MT-4. The peak bending strains in MT-4 are 
expected to be smaller than DT-2 (ET-2) since lateral peak resistance of TDA + sand mixture 
is expected to be smaller than lateral peak resistance of pure sand. The reason behind that needs 
to be investigated by further experimental and numerical studies. The trench shape and 
percentage of TDA affect the pipeline response to faulting in terms of bending strain. Also, 
trench dimensions are significant parameters influencing the bending response of buried 
pipelines under faulting. Comparison of MT-2 and MT-1 shows that the increase in the width 
of the trench decreases pipe peak bending strains in the case of strike-slip faulting.  
 
 
 
 
 
 
 
 
Figure 5.27. Peak bending strains vs. normalized fault displacements (δ/D) 
Sim et al. (2012) observed that the use of Tyre Derived Aggregate (TDA) trench reduces the 
pipe bending moments (conequently, pipe bending strains) for relatively small fault 
displacements (δ≤1D). Once the fault displacements exceed one pipe diameter (δ>1D), the 
difference between the pipe bending moments in pure sand or in the TDA trench case gets very 
small. This is due to that sandy soil comes closer to the pipe after larger fault displacements and 
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mitigation performance of TDA trench in terms of peak bending strains reduces with increasing 
fault displacements as seen in Figure 5.27. The effect of TDA trench on peak bending strains 
becomes very small at δ=3D for MT-1, at δ=5D for MT-2. The results confirm that the number 
of sand particles penetrating into TDA increases with increasing fault displacement and this 
leads to a reduction in mitigation performance of TDA trench in terms of peak bending strains.     
Ni et al. (2018) concluded that enlargement of the trench provides a better load reduction for 
buried pipelines, reducing the risk of pipeline failure since a wider trench can mitigate the 
interaction between the stiff native soil ouside the trench and buried pipelines. In their study, it 
is observed that using a trench slope with TDA backfill increases the performance of buried 
pipelines under strike-slip faulting. This finding is consistent with the experimental results in 
this study. As seen in Figures 5.26-5.27, enlarging the trench (comparison between  MT-1 and 
MT-2) and using trench slope (comparison between MT-1, MT-2 and MT-3) increase the 
performance of buried pipelines in terms of both bending and axial strains.        
Figure 5.28 and Figure 5.29 plot column charts showing the change in peak axial and bending 
strains for each test with reference to DT-2 (ET-2). The peak axial and bending strains in the 
figures are for 𝛿/𝐷 = 5.0. As seen in Figure 5.28,  peak axial strains in each test decrease 
relative to DT-2 (ET-2) results. The decrease in peak axial strains for MT-1, MT-2, MT-3 and 
MT-4 are 29%, 35%, 62%, and 8%, respectively. As seen in Figure 5.29, the peak bending 
strain in MT-1 does not change relative to the value in DT-2 (ET-2). The decrease in peak axial 
strains for MT-2 and MT-3 is 8% and 19%, respectively. In contrast to MT-2 and MT-3, the 
peak bending strain in MT-4 increases 17% relative to the peak bending strain in DT-2 (ET-2). 
The best performance in terms of reduction in peak axial and bending strains has been observed 
in MT-3.    
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Figure 5.28. A column chart showing the change in peak axial strains for each test with 
reference to DT-2 (ET-2) (δ/D=5.0)  
 
Figure 5.29. A column chart showing the change in peak bending strains for each test with 
reference to DT-2 (ET-2) (δ/D=5.0)  
Overall, the performance of buried pipelines under strike-slip faulting in terms of peak axial 
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much smaller compared to the performance increase in peak axial strains. Consequently, this 
mitigation technique is considered as a friction reduction technique and a different technique 
such as flexible joints method needs to be used to substantially increase pipeline performance 
in terms of peak bending strains (see Melissianos et al., 2016). MT-1, MT-2 and MT-3 tests are 
assumed to have 100% TDA in the trench. However, sand particles migrate into the TDA trench 
during the preparation of these tests since sand particles are much finer than TDA particles (see 
Figure 3.12 and Figure 4.45). Soil penetration into the TDA trench reduces pipeline 
performance under faulting, increasing both the peak axial and bending strains. Wrapping the 
TDA trench with a cover such as geotextiles may prevent soil particles migrating into the TDA 
trench and consequently, this measure can increase the performance of buried pipelines 
compared to that without covering the TDA trench. A trench inclined at a slope (m) of 3:2 is 
proposed in the study of Kouretzis et al. (2013) ford sands. Therefore, the trench slope (m<3:2) 
used in the experiments is considered realistic following their study.      
5.6. Visual observations after the model tests 
In the free-field tests, observation of ground surface was made. Figure 5.30 shows ground 
surface observation after 300 mm of fault offset for free-field test 6 (FF-6) (see Section 4.6, 
Table 4.9). Red lines connect the white pins on the black markers to observe the relative 
movements at different locations. As seen in the figure, red lines seem to be straight which 
means that the markers stay in line after 300 mm of fault displacement. Shear deformations are 
localized at the vicinity fault trace. 
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Figure 5.30. Ground surface observations after 300 mm of fault offset for FF-6 
 
Figure 5.31. a) Observation from the ground surface after 300 mm of fault offset DT-2 (ET-
2), b) a photo showing pipe deflection after 300 mm of fault offset DT-2 (ET-2) 
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Figure 5.31a shows ground surface observations after 300 mm of fault offset for ET-2. A photo 
showing the pipe deflection due to 300 mm of fault displacement is given in Figure 5.31b. 
Similar to the FF-6, red lines connect the white pins on the black markers to observe the relative 
movements at different locations. The displaced shape of the pipe is placed on the figure with 
black dashed lines. As seen in the figure, red lines experienced curvature at both sides of the 
pipe. The pipe bends over a relatively large distance from the fault. Large lateral pressures at 
the soil-pipe interface. Consequently, the regions in blue dashed circles, which are close to the 
buried pipeline, experienced heave due to the formation of a wedge type of failure.   
Figure 5.32a clearly shows the heave of the ground surface from the side view. As seen in 
Figure 5.32a, the wedge type of soil failure occurs due to horizontal movement of the buried 
pipe. The schematic sketch of the wedge type of soil failure resulting from the lateral movement 
of shallow buried pipe is presented in Figure 5.32b.  Three wedge regions develop under lateral 
movement of the buried pipe: a) front passive wedge, b) central wedge, and c) caving active 
wedge. The heave of the soil surface is observed at the side of front passive wedge while the 
settlement of the soil surface is observed at the side of caving active wedge.   
 
a) 
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Figure 5.32. a) Side view showing heave on the surface ground DT-2 (ET-2), b) wedge type 
of soil failure resulting from lateral movement of shallow buried pipe (modified from Audibert 
and Nyman, 1975) 
The ground surface observation from MT-3 after 300 mm of fault displacement is shown in 
Figure 5.33a. A photo showing the pipe deflection due to 300 mm of fault displacement is given 
in Figure 5.33b. The displaced shape of the pipe is also placed on the figure with black dashed 
lines. As seen in the figure, red lines experienced curvature at both sides of the pipe similar to 
observations from DT-2 (ET-2). The pipe is flexed over a relatively large distance from the 
fault. Large lateral pressures at the soil-pipe interface and consequently, the regions in blue 
dashed circles, which are close to the buried pipeline, experienced heave due to the formation 
of wedge type of failure. These observations are similar to those made from DT-2 (ET-2).  
b) 
5-39 
 
 
 
Figure 5.33. a) Observation from the ground surface after 300 mm of fault offset (MT-3), b) a 
photo showing pipe deflection after 300 mm of fault offset (MT-3) 
5.7. Axial-Push Test Results 
The load-displacement relationship in the experiment is plotted in Figure 5.34 by using load 
cell and LD sensor data. The dark red dots illustrate load-displacement data measured from the 
experiment. The load-displacement relationships for the conditions of 𝑓 = 0.65 and 0.8 are also 
plotted on the same figure. As suggested in the ASCE Guidelines (1984), the maximum load is 
mobilized at 0.002 m of relative displacement is reached. The magenta line shows the load-
displacement relationship for the case of 𝑓=0.65. The red line shows the load-displacement 
relationship for the case of 𝑓=0.8. The values of the pipe coating coefficient (𝑓) are calculated 
using Equation 2.7 in Section 2.7.2.6. Pipe diameter (D) is 0.03m, pipe burial depth (H) is 0.3m, 
unit weight of the sand is taken as 13 kN/m3, and internal friction angle is taken as 34°.  
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Figure 5.34. Load-displacement relationships for the experiment, pipe coating factor, 𝑓=0.8 
and 𝑓=0.65 
As seen in Table 4.12, the pipe coating coefficient (𝑓) for polyethylene is given as 0.6. The soil-
pipe friction coefficient (𝜇𝑓 = 𝑡𝑎𝑛𝑓∅) is calculated as 0.4 by taking the internal friction angle 
as 34° and pipe coating coefficient as 0.65.  
5.8. Summary 
The results of free-field and demo tests show that the newly developed experimental setup is 
capable of simulating pipelines crossing strike-slip faults. The pipeline response to strike-slip 
faulting in terms of axial and bending strains are consistent with the earlier experimental 
studies, confirming that the experiment setup is a reliable tool to model buried continuous 
pipelines crossing strike-slip faults.   
Accurate modeling of pipe end boundary conditions under different seismic scenarios is very 
significant as well as challenging. Test results show that buried pipelines with fixed end 
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conditions experience much larger axial strain compared to buried pipelines with end 
connectors and free ends. Using free end conditions leads to an underestimation of axial pipe 
strains. With the use of 3D end connectors, pipe end boundary conditions can be more 
realistically simulated. 
The model test results are compared to those obtained by earlier centrifuge and large-scale tests. 
The axial and bending strains in model tests show similar trends with earlier centrifuge and 
large scale tests under increasing fault displacements. Using relevant non-dimensional groups 
and appropriate values for them are key points to obtain a similar pipeline response to the 
centrifuge and large scale tests. 
The model tests performed to assess the performance of the proposed seismic mitigation 
technique show that surrounding buried continuous pipelines with tyre-chips at the vicinity of 
active faults is an effective way to decrease axial and bending pipe strains. In the light of the 
experimental study, trench dimensions and inclination of the trench wall significantly 
influences the behavior of the buried continuous pipeline under strike-slip faulting.    
The soil-pipe friction coefficient (𝜇𝑓) obtained by axial push test is an important parameter for 
modeling axial soil-pipe interaction by using ABAQUS Finite Element based software.    
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6. Numerical Methodology 
6.1.Introduction 
6.1.1. Three Dimensional (3D) Finite Element Modelling of Buried Continuous Pipelines 
Crossing Active Faults 
Soil-structure interaction problems have been modeled using numerical methods such as Finite 
Element, Finite Difference and Discrete Element methods by several researchers. The design 
of structures considering soil-structure interaction (SSI) effects and performance of parametric 
studies on these problems is becoming easier thanks to the development in computing power. 
Prior to carrying out parametric study or design of the structures, numerical models should be 
validated via case studies, experimental studies and analytical methods.  
In this chapter, the importance of numerical modeling of soil-structure interaction problems 
will be briefly discussed and various numerical methods like Finite Element, Finite Difference, 
6 
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and Discrete Element methods will be described. Then, the steps for creating three dimensional 
(3D) Finite Element modeling of buried continuous pipelines crossing active faults will be 
presented. ABAQUS/Standard and ABAQUS/Explicit modules will be compared in terms of 
pipeline response to strike-slip faulting and the efficiency of the ABAQUS/Explicit module for 
static and quasi-static problems will be investigated.  
In Section 6.4, a mesh sensitivity study is carried out to obtain the correct balance between 
accuracy and computational time. Optimum mesh element sizes for the FE models are 
investigated by a series of numerical analysis. In Section 6.5.2.1, lateral soil reaction – 
displacement curves are obtained for a pipeline that laterally moves in the clay soil medium 
with 50 kPa of cohesion by using ABAQUS/Standard and ABAQUS/Explicit module. These 
two lateral soil reaction-displacement curves are compared to investigate the performance of 
the ABAQUS/Explicit module for quasi-static problems. In Section 6.5.2.2, a pipeline crossing 
strike-slip a strike-slip fault is modelled by using the ABAQUS/Explicit model. The pipeline is 
assumed to buried in sandy soil with 32° of internal friction angle, 1° of dilation angle. The 
pipeline material is assumed as API5L X-70 steel with 490 MPa yield strength. The numerical 
model is validated by the analytical methods proposed by Karamitros et al. (2007) and Sarvanis 
and Karamanos (2017). The energy balance concept to perform a quasi-static analysis by using 
ABAQUS/Explicit is given along with the example in Section 6.5.2.2.       
6.1.2. The validation of 3D FE models via Case Studies, Experimental Studies, and 
Analytical Methodologies 
Finite Element models are widely utilized to investigate the response of pipelines subjected to 
PGDs. Parametric studies have been carried out using a Finite Element based software to 
explore the parameters affecting the behavior of pipelines crossing PGD zones. The governing 
parameters are needed to be explored to propose a design methodology of earthquake-resistant 
pipelines. Before starting to perform the parametric study, the validation of Finite Element 
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models via analytical methods, case studies or experiments need to be done. In this chapter, the 
developed Finite Element models will be validated by the analytical method proposed by 
Sarvanis and Karamanos (2017). Furthermore, a case study of the Thames water pipe crossing 
Kullar fault (1999 Kocaeli Earthquake) and a small scale model test of a pipeline crossing 
strike-slip faults are also used to validate numerical models. 
In Section 6.6.2, a case study of the Thames water pipeline crossing North Anatolian fault in 
the 1999 Kocaeli Earthquake is introduced. The Thames water pipeline crossing the North 
Anatolian fault is modelled by using the ABAQUS/Explicit module and the developed model 
is validated through field observations. The soil and pipeline characteristics are taken from the 
work of Eidinger et al. (2002) and Kaya et al. (2017). Field observations in terms of rotations 
at wrinkles, the separation distance between wrinkles and cross-sectional deformations are 
taken from the work of Kaya et al. (2017). In section 6.6.3, model test DT-1 (ET-1) is modelled 
by ABAQUS/Explicit module and the developed FE model is validated through experimental 
results. Bending and axial strain distributions measured by the model test and predicted by the 
numerical model are compared to validate the developed numerical model. Red Hill 110 dry 
sand in the model tests has 35% of relative density and it has 40° of peak internal friction angle, 
34° of residual internal friction angle and 6° of dilation angle at this relative density (see Figure 
3.11 in Section 3.7).  
6.3. Three Dimensional (3D) Finite Element (FE) Modelling of Pipelines Crossing Active 
Faults 
Finite Element method is widely used to analyze soil-structure interaction problems such as 
pipelines crossing active faults since it is capable of simulating nonlinear behavior of both soil 
and pipe materials, geometric nonlinearity of the pipe and taking into account the behavior of 
the soil-pipe interface by implementing contact properties. Due to these reasons, FE based 
software such as ABAQUS, ANSYS is commonly utilized to analyze the pipeline response to 
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faulting. In this section, the steps of 3D FE modeling of pipelines crossing active faults are 
given and explained in detail. 3D modeling of the problem via ABAQUS is divided into four 
headlines: 1) parts, material models and sections 2) assembly and contact, 3) loading Steps and 
boundary conditions (BCs), 4) mesh and job creation. 
6.3.1. Parts, Material Models and Sections 
3D FE models of buried continuous pipelines crossing active faults consist of two different 
parts for the soil and pipeline. Soil medium is modeled using solid elements whereas the 
pipeline is modeled using shell elements. Figure 6.1 illustrates solid continuum and shell 
elements for modeling soil and pipeline, respectively. 
 
 
    
 
Figure 6.1. a) Solid continuum elements for the soil and b) shell elements for the pipeline 
Material properties for both the soil and pipeline are defined. An elastic-perfectly plastic Mohr-
Coulomb (MC) model, which is characterized by the soil cohesion (𝑐), the internal friction 
angle (∅) Young’s Modulus (𝐸), Poisson’s ratio (𝜗) and dilation angle (𝛹), is selected to 
simulate the stress-strain relationship in the soil. Mohr-Coulomb (MC) soil model does not 
consider hardening-softening soil behaviour. As hardening of the sand (especially for dense 
sands) at small dislacements is not considered in the model, buried pipelines are subjected to 
smaller soil reactions under faulting. Using numerical models with MC constitutive soil model 
leads to an underestimation of pipe strains at small relative soil-pipe movements. However, 
soil-structure interaction problems like pipelines crossing faults are considered as large 
 
 
a) b) 
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deformation problems and residual strength of sands is reached at large deformations. Using 
the residual internal friction angle for the MC model provides good results at large relative soil-
pipe movements. Isotropic Von Mises yield model is chosen to represent the stress-strain 
relationship for the pipe material. In the model, Young’s modulus (𝐸), Poisson’s ratio 
(𝜗)  yield stress (𝜎𝑦) and plastic strain (𝜀𝑝) values are utilized.  
Ramberg-Osgood (1943) relation is used to model the nonlinear stress-strain relationship of 
steel pipes: 
𝜀 =
s
𝐸
[1 +
𝑛
1 + 𝑟
(
𝜎
s𝑦
)
𝑟
]                                              (6.1) 
where E is the initial elastic modulus, 𝜀 is the strain, 𝜎 is stress, s𝑦  is the yield stress of the pipe 
steel, 𝑛 and 𝑟 are Ramberg-Osgood parameters. Ramberg-Osgood parameters for mild steel and 
X-grade steel are given in Table 6.1. The stress-strain relationships for five different steel grades 
such as Grade B, X-42, X-52, X-60, and X-70 are demonstrated in Figure 6.2. The American 
Petroleum Institute specification API 5L adresses these steel grades for pipeline transportation 
systems in the natural gas and petroleum industries.  
After creating parts and defining material properties, section properties are defined for both 
solid and shell parts. The solid homogeneous section is created for the soil and the homogeneous 
continuum shell section is created for the pipeline. The wall thickness of the pipeline (𝑡) is 
inputted in section properties.  
Table 6.1. Ramberg-Osgood parameters for mild steel and API 5L grade steels  
  Grade-B X-42 X-52 X-60 X-70 
Yield Stress 
(MPa) 227 310 358 413 517 
n 10 15 9 10 5.5 
r 100 32 10 12 16.6 
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Figure 6.2. Stress-strain relationships of API 5L Grade B, X-42, X-52, X-60 and X-70 
6.3.2. Assembly and Contact  
Two different parts –solid and shell- are assembled in such a way that the pipeline is placed at 
desired burial depth. The surfaces for pipeline outer wall and soil inner wall are created. Contact 
between the soil inner surface and pipe outer surface is defined using tangential and normal 
contacts. The tangential contact is utilized to simulate the interaction between the soil and pipe 
by choosing penalty friction contact. This contact algorithm takes into account interface friction 
with the definition of a friction coefficient (𝜇). The normal contact with the selection of hard 
contact allows separation of the soil and pipe surfaces. The contact surfaces between the soil 
and pipeline are demonstrated in Figure 6.3.  
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Figure 6.3. The front and side view solid and shell parts showing contact surfaces between 
them 
6.3.3. Loading Steps and BCs 
Different loading steps are used to simulate the real field conditions for pipelines crossing active 
faults: 1) Gravity loading, 2) Internal pressure of the pipe, and 3) Fault displacement. In the 
first step, the gravity loading step is utilized to simulate the stresses in the soil and on the pipe 
due to the self-weight of the pipe and soil. In the second step, an internal pressure (𝑝) depending 
on the internal pipe pressure in the field is applied to the inner wall surface of the pipe. A surface 
for the inner wall of the pipe is required to be created in order to apply the internal pressure. 
These first two loading stages are used to simulate operational stresses in the pipe. Finally, fault 
displacements are applied to the hanging wall of the soil block. These three loading steps are 
demonstrated in Figure 6.4a-c. 
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Figure 6.4. a) Application of gravity loading to the whole model, b) application of pressure to 
the inner wall of the pipe, c) application of fault displacements to the hanging wall of the soil 
block  
Boundary conditions (BCs) of the footwall and hanging wall side for gravity loading and 
internal pressure steps are summarised in Table 6.2. Table 6.3 shows the BCs of footwall and 
hanging wall side for fault displacement step. Figure 6.5 shows x-y-z-axes and front, side and 
upper walls of the soil block. 
Table 6.2. BCs of footwall and hanging wall side for the gravity and internal pressure steps 
  Foot wall Hanging Wall 
  
Side 
walls 
Front 
Wall Bottom Wall 
Upper 
Wall 
Side 
walls 
Front 
Wall 
Bottom 
Wall 
Upper 
Wall 
U1 0 - 0 - 0 - 0 - 
U2 - - 0 - - - 0 - 
U3 - 0 0 - - 0 0 - 
UR1 - 0 0 - - 0 0 - 
UR2 0 0 0 - 0 0 0 - 
UR3 0 - 0 - 0 - 0 - 
  XSYMM ZSYMM ENCASTRE FREE XSYMM ZSYMM ENCASTRE FREE 
XSYMM: Translation in X direction is fixed, Rotation around Y and Z axes is fixed, ZSYMM: Translation in Z 
direction is fixed, Rotation around X and Y axes is fixed, ENCASTRE: all translations and rotations are fixed, 
FREE:all translations and rotations are free. 
 
 
 
a) b) c) 
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Table 6.3. BCs of footwall and hanging wall side for the fault displacement step 
  Foot wall Hanging Wall 
  
Side 
walls 
Front 
Wall 
Bottom 
Wall 
Upper 
Wall 
Side 
walls 
Front 
Wall 
Bottom 
Wall 
Upper 
Wall 
U1 0 - 0 - U1* U1* U1* U1* 
U2 - - 0 - U2* U2* U2* U2* 
U3 - 0 0 - U3* U3* U3* U3* 
UR1 - 0 0 - 0 0 0 - 
UR2 0 0 0 - 0 0 0 - 
UR3 0 - 0 - 0 0 0 - 
  XSYMM ZSYMM ENCASTRE FREE         
*U1, U2, and U3 can change depending on the fault displacement (δ) and fault crossing angle (β). 
 
 
 
 
 
 
Figure 6.5. The schematic sketch showing global axes and front, side and upper walls 
U1, U2, and U3 displacements change depending on fault type, the magnitude of fault 
displacement and the fault crossing angle. For example, the values of U1, U2, and U3 can be 
calculated for pipelines crossing strike-slip faults with fault crossing angle (𝛽) as below. The 
schematic sketch showing the fault crossing angle and fault direction for this scenario is 
demonstrated in Figure 6.6.  
𝑈1 = 𝛿 ∙ 𝑐𝑜𝑠𝛽, 𝑈3 = 𝛿 ∙ 𝑠𝑖𝑛𝛽, 𝑈2 = 0 
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Figure 6.6. The plan view of a pipeline crossing a strike-slip fault with fault crossing angle 
(β) 
Two different regions such as straight and curved parts develop when pipelines cross strike-slip 
faults as shown in Section 3.3.2 in Figure 3.3. The curved section occurs due to the transverse 
component of the imposed fault movement within a relatively short region compared to 
unanchored length (𝐿𝑎). In the curved section, transverse and axial soil-pipeline interaction 
develops whereas axial soil-pipeline interaction (friction forces) predominantly occurs in the 
straight section. The soil friction force remains constant in the sliding friction region as seen in 
Figure 6.7. Beyond the sliding friction region, soil friction decreases to zero at the anchor 
points. The length between two anchor points is called as unanchored length (𝐿𝑎), which is 
much larger than the curved length (𝐿𝑐). Several hundreds of pipe diameter length (𝐿𝑎/𝐷) is 
needed to be achieved for the required anchorage length (Kennedy et al., 1977). The analysis 
of the 3D FE model of the full length of the problem (𝐿𝑎) is very expensive in computation 
time. Modeling of boundary conditions at pipe ends is very significant in order to obtain a 
reliable pipeline response to faulting.   
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Figure 6.7. The variation of soil-pipe friction force along the pipeline 
If the length of the FE model (𝐿) is equal to 𝐿𝑎, boundary conditions (BCs) at the pipe ends are 
set as pinned (U1=U2=U3=0). The axial forces and axial pipe strains at the pipe ends are equal 
to zero at anchor points. Consequently, BCs at the pipe ends do not affect the pipeline response 
to faulting. 
If L is smaller than 𝐿𝑎 (𝐿 <  𝐿𝑎), using pinned BCs for the pipe ends will not provide reliable 
results. Pipe strains are predicted larger than the field pipe strains if pipe ends are pinned. 
Therefore, the equivalent boundary springs method, which is used to obtain force-elongation 
(𝐹 − 𝛥𝐿) relationship for end springs, are used to minimize boundary effects and to realistically 
simulate field boundary conditions. 𝐹 − 𝛥𝐿 relationship for equivalent soil springs is obtained 
using methods proposed by Liu et al. (2004), Vazouras et al. (2015) and Zhang et al. (2016).  
The BCs for equivalent end springs are shown in Figure 6.8. The BC of the end spring at the 
fixed part is encastre whereas U1 and U3 displacements are applied to the BC of the end spring 
at the moving part. 
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Figure 6.8. The schematic sketch showing BCs for soil blocks and equivalent boundary 
springs 
6.3.4. Mesh and Job Creation 
Reduced integration continuum solid elements (C3D8R) are chosen to model soil medium 
whereas reduced integration shell elements (S4R) are selected to model the pipeline. The 
C3D8R element is a general purpose linear brick element, with reduced integration (one 
integration point). The sketch of the C3D8R element and S4R element is demonstrated in Figure 
6.9a-b. 
 
Figure 6.9. a) The C3D8R element, b) the S4R element 
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After having the soil and pipeline meshed, a job is created and run for the analysis. A flowchart 
showing all the steps for creating a 3D FE model of pipelines crossing active faults is given in 
Figure 6.10. 
1) PARTS
• Solid (soil blocks)
• Shell (pipeline)
2) ASSEMBLY
3) CONTACT
• Tangential Contact
• Normal Contact
5) BOUNDARY 
CONDITIONS 
(BCs)
6) MESH
4) STEPS
• Gravity Loading
• Pipe Internal Pressure
• Fault Displacement
Material models
Section Properties
7) JOB
 
Figure 6.10. A flowchart showing all the steps for creating a 3D FE model of pipelines 
crossing active faults 
6-14 
 
6.4. Mesh Sensitivity Analysis 
A mesh sensitivity study is performed to get the correct balance between computational time 
and accuracy. A 3D FE model of the pipe moving laterally in the soil medium is developed 
using ABAQUS/Explicit module. The same methodology explained in Chapter 6 is followed 
to develop the 3D FE model. The 3D FE model shown in Figure 3.16b (H/D=7.0) is used for 
the mesh study. Soil and pipe parameters used in the numerical analysis are given in Table 3.12 
in Section 3.9.2.   
An optimum size of the mesh elements (local mesh elements) is investigated through a 
parametric study. Figure 6.11a shows local meshes around the pipe circumference (ms1) and 
along the pipeline (ms4) while Figure 6.11b shows local mesh size around the pipe 
circumference in the soil body (ms2) and local mesh size (ms3) inside the local mesh area 
(𝑎 × 𝑏). The local mesh area is shown with the black rectangle in Figure 6.11b and local mesh 
size (ms3) is shown with the red line in Figure 6.11.  
 
Figure 6.11.  a) A figure showing local meshes around the pipe circumference (ms1), b) a 
figure showing local meshes around the pipe circumference for soil body (ms2), local mesh 
area and local mesh size in the local mesh area (ms3)  
The objectives of the mesh study are as follows:    
1. An optimum size of local mesh elements around the pipe circumference (ms1) is 
investigated. 
Pipe Circumference 
Mesh Size (ms1) 
Local mesh area Local mesh size (ms3) 
Pipe Circumference 
Mesh Size (ms2) 
a 
b 
a) b) 
Pipe Longitudinal 
Mesh Size (ms4) 
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2. An optimum size of local mesh elements (ms3) inside the local mesh area is 
investigated. 
3. An optimum size of local mesh elements (ms4) along the pipeline is investigated. 
4. The optimum dimensions of the local mesh area are investigated.   
The same values of local mesh size are taken for ms1 and ms2 in the mesh study.  
6.4.1. An optimum mesh element size around the pipe circumference (ms1) 
Table 6.4 shows the values of local mesh size (ms1, ms2, ms3 and ms4) and the values of the 
the global mesh size for the soil. The unit of mesh size is in meter as seen in the table. The 
initial value of ms1 is taken as 0.003 m and then its value decreased to 0.0015 m. Four different 
values of ms1 are used: (1) 0.003 m, (2) 0.0025 m, (3) 0.002 m and (4) 0.0015 m. The value of 
ms3 is taken as 0.0075 m. The local mesh size (ms4) for the pipe is taken as 0.0025 m while 
the global mesh size for the soil is taken as 0.025 m. 
 Table 6.4. Local and global mesh size used in the mesh sensitivity analysis  
No ms1 (m) ms2 (m) ms3 (m) ms4 (m) 
Global Mesh Size 
for the soil (m) 
1 0.003 0.003 
0.0075 0.0025 0.025 
2 0.0025 0.0025 
3 0.002 0.002 
4 0.0015 0.0015 
Figure 6.12  shows the variation of pipe Mises stress (Smises) and maximum pipe strain (LEmax) 
in the pipe under varying mesh element sizes (ms1). As seen in Figure 6.12a-b, the value of 
Mises stress and maximum pipe strain in the pipe stabilizes beyond the value of mesh size of 
0.0020 m. Therefore, 0.0020 m of mesh size around the pipe circumference is found to be an 
optimum value. The pipe diameter (D) used in the analysis is 0.05 m as mentioned in Section 
3.9.2. Therefore, the local mesh size around the pipe circumference (ms1) is equal to 1/25 of 
the pipe diameter.         
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Figure 6.12.  a) Variation of Mises stress (Smises) in the pipe with varing mesh element size 
(ms1), b) variation of maximum pipe strain (LEmax) with varying mesh element size (ms1) 
6.4.2. An optimum mesh element size around the pipe circumference (ms3) 
Table 6.5 shows the values of local mesh size (ms1, ms2, ms3 and ms4) and the values of the 
global mesh size for the soil. The unit of mesh size is in meter as seen in the table. The initial 
value of ms3 is taken as 0.0125 m and then its value decreased to 0.005 m. Four different values 
of ms3 are used: (1) 0.0125 m, (2) 0.01 m, (3) 0.0075 m and (4) 0.005 m. The value of ms1 and 
ms2 is taken as 0.002 m. The local mesh size (ms4) for the pipe is taken as 0.0025 m while the 
global mesh size for the soil is taken as 0.025 m. 
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Table 6.5. Local and global mesh size used in the mesh sensitivity analysis  
No ms1 (m) ms2 (m) ms3 (m) ms4 (m) 
Global Mesh Size 
for the soil (m) 
1 
0.002 0.002 
0.0125 
0.0025 0.025 
2 0.01 
3 0.0075 
4 0.005 
 
Figure 6.13  shows the variation of pipe Mises stress (Smises) and maximum pipe strain (LEmax) 
in the pipe under varying mesh element sizes (ms3). As seen in Figure 6.13a-b, the value of 
Mises stress and maximum pipe strain in the pipe stabilizes beyond the value of the mesh size 
of 0.01 m. Therefore, 0.01 m of mesh size in the local mesh area (ms3) is found to be an 
optimum value. The local mesh size around the pipe circumference (ms3) is equal to 1/5 of the 
pipe diameter. 
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Figure 6.13.   a) Variation of Mises stress (Smises) in the pipe with varing mesh element size 
(ms3), b) variation of maximum pipe strain (LEmax) with varying mesh element size (ms3) 
6.4.3. An optimum mesh element size along the pipeline (ms4) 
Table 6.6 shows the values of local mesh size (ms1, ms2, ms3 and ms4) and the values of the 
global mesh size for the soil. The unit of mesh size is in meter as seen in the table. The initial 
value of ms4 is taken as 0.005 m and then its value is decreased to 0.001 m. Four different 
values of ms4 are used: (1) 0.005 m, (2) 0.0025 m, (3) 0.002 m and (4) 0.001 m. The value of 
ms1 and ms2 is taken as 0.002 m. The local mesh size (ms3) in the local mesh area is taken as 
0.01 m while the global mesh size for the soil is taken as 0.025 m. 
Table 6.6. Local and global mesh size used in the mesh sensitivity analysis 
No ms1 (m) ms2 (m) ms3 (m) ms4 (m) 
Global Mesh Size 
for the soil (m) 
1 
0.002 0.002 0.01 
0.005 
0.025 
2 0.0025 
3 0.002 
4 0.001 
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Figure 6.14  shows the variation of pipe Mises stress (Smises) and maximum pipe strain (LEmax) 
in the pipe under varying mesh element sizes (ms4). As seen in Figure 6.14a-b, the value of 
Mises stress and maximum pipe strain in the pipe stabilizes beyond the value of the mesh size 
of 0.002 m. Therefore, 0.002 m of mesh size in the local mesh area (ms4) is found to be an 
optimum value. The local mesh size around the pipe circumference (ms4) is equal to 1/25 of 
the pipe diameter. 
 
 
Figure 6.14.   a) Variation of Mises stress (Smises) in the pipe with varing mesh element size 
(ms4), b) variation of maximum pipe strain (LEmax) with varying mesh element size (ms4) 
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6.4.4. The optimum dimensions of the local mesh area (𝒂 × 𝒃)  
The optimum dimensions of the local mesh area are investigated through a parametric study. 
Table 6.7 shows the dimensions of the local mesh area, local and global mesh size used in the 
mesh sensitivity analysis. The height of the local mesh region (a) is kept constant as vertical 
relative soil-pipe movements under strike-slip faulting is negligible compared to lateral relative 
soil-pipe movements. The width of the local mesh region used in the study ranges from 4 pipe 
diameter (4 × 𝐷) to 10 pipe diameter (10 × 𝐷) as seen in Table 6.7. The local mesh sizes for 
ms1, ms2, ms3 and ms4 are 0.002 m, 0.002 m, 0.01 m and 0.002 m, respectively. The global 
mesh size for the soil is taken as 0.025 in the analysis. 
Table 6.7. The dimensions of the local mesh area, local and global mesh size used in the mesh 
sensitivity analysis 
No a/D b/D 
ms1 
(m) 
ms2 
(m) 
ms3 
(m) 
ms4 
(m) 
Global Mesh Size 
for the soil (m) 
1 
4 
4 
0.002 0.002 0.01 0.002 0.025 
2 6 
3 8 
4 10 
Figure 6.15 shows the variation of pipe Mises stress (Smises) and maximum pipe strain (LEmax) 
in the pipe under varying values of the width (b) of the local mesh area. As seen in Figure 6.15a-
b, the value of Mises stress and maximum pipe strain in the pipe stabilizes beyond the value of 
normalized width size (b/D) of  8. Therefore, 8 × 𝐷 of the width of the local mesh area is found 
to be sufficient. As a result,  the height (a) and the width (b) of the local mesh area are chosen 
as 4 × 𝐷 and 8 × 𝐷, respectively.    
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Figure 6.15.   a) Variation of Mises stress (Smises) in the pipe with varying values of the width 
(b) of the local mesh area, b) variation of maximum pipe strain (LEmax) with varying values of 
the width (b) of the local mesh area 
Local and global mesh sizes used in the FE models in Chapter 6 and Chapter 7 are as follows:  
• local mesh size around the pipe circumference (ms1): 1/25 of the pipe diameter 
• local mesh size along the pipeline (ms4):  1/25 of the pipe diameter 
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• local mesh size around the pipe circumference for the soil body (ms2): 1/25 of the pipe 
diameter 
• local mesh size inside the local mesh area (ms3): 1/5 of the pipe diameter 
• global mesh size for the soil: 1/2 of the pipe diameter 
• dimensions of the local mesh area (𝑎 × 𝑏): 4𝐷 (𝑓𝑜𝑢𝑟 𝑝𝑖𝑝𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟) ×
8𝐷(𝑒𝑖𝑔ℎ𝑡 𝑝𝑖𝑝𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟). 
6.5. Finite Element Model of Buried Pipelines Crossing Strike-Slip Faults by 
ABAQUS/Explicit 
The behavior of pipelines crossing PGD zones has been analyzed in the past using static 
analysis due to the static nature of fault loading. Therefore, ABAQUS/Standard module is 
commonly utilized to investigate soil-pipeline interaction problems under PGD since it is able 
to perform static/quasi-static analysis. In this section, an ABAQUS/Explicit model, which is 
often used for dynamic analysis, is developed to simulate pipelines crossing strike-slip faults 
considering an energy balance concept. The model results are validated via ABAQUS/Standard 
and the analytical methods proposed by Karamitros et al. (2007) and Sarvanis and Karamanos 
(2017). 
6.5.1. ABAQUS/Explicit for Soil-Pipe Interaction Problems 
ABAQUS/Explicit module provides a powerful technique for the solution of dynamic problems 
which inertia plays a significant role in the solution. There are different ways to analyze quasi-
static problems by using ABAQUS/Explicit. One strategy to perform quasi-static analysis by 
ABAQUS/Explicit is to consider energy content. Energy content provides a beneficial 
indication to evaluate whether results obtained by ABAQUS/Explicit reflect a quasi-static 
solution. The ratio of system kinetic energy to system internal energy (ALLKE/ALLIE) should 
not exceed 5% throughout the majority of the quasi-static analysis. Consequently, the inertia 
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force in the system can be neglected. These outputs such as system kinetic energy (ALLKE) 
and system internal energy (ALLIE) can be checked in time history output.  
A numerical difficulty called hour-glassing occurs while using the reduced integration of first-
order elements. Hourglass modes are zero energy modes so they do not generate any strain or 
stress. However, they may affect numerical results. In this case, mesh elements are excessively 
flexible due to these numerical difficulties. Several algorithms are available in ABAQUS to 
control internal hourglass forces which are applied to resist hourglass mode deformation. The 
artificial energy generated by hourglass forces (ALLAE) should not exceed 5% of ALLIE in 
order to have reliable results. The ALLAE can also be checked in time history output. 
6.5.2. The validation of ABAQUS/Explicit model 
The capability of the ABAQUS/Explicit model to simulate quasi-static problems is checked by 
two different examples: 1) Lateral movement of a pipe in soil medium and 2) Pipelines crossing 
strike-slip faults. For the first example, the ABAQUS/Standard results for load-lateral 
displacement are compared to those values obtained by the ABAQUS/Explicit. Secondly, the 
ABAQUS/Explicit model of pipelines crossing strike-slip faults is validated by analytical 
methodologies proposed by Karamitros et al. (2007) and Sarvanis and Karamanos (2017). 
6.5.2.1. Lateral movement of pipe in the soil medium 
ABAQUS v 6.14 software is used to develop a 3D FE model of the pipe moving laterally in the 
soil medium. The pipe diameter is 0.9144 m and the pipe burial depth is 2.5 m in the FE model. 
Both ABAQUS/Standard and ABAQUS/Explicit module are used to simulate this soil-pipeline 
interaction problem. Two different steps are created to simulate real field conditions. These 
stages are gravity loading and lateral movement of the pipe. In order to simulate initial stress in 
the soil and on the pipe due to self-weight of them, gravity loading is applied to the whole model 
in the first step. In the second step, a lateral movement of 0.15 m is applied to the pipe. The soil 
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medium is modeled using reduced integration continuum solid elements (C3D8R) and Mohr-
Coulomb constitutive model is chosen to represent the soil behavior. The pipe is modeled using 
reduced integration shell elements (S4R) and the elasto-plastic behavior of the steel pipe is 
modeled using the Isotropic Von Mises yield model. The interaction between the soil and pipe 
is modeled using tangential and normal contact. The tangential contact algorithm with a proper 
friction coefficient (𝜇𝑓) takes into account the friction between the soil and the pipe. The 
separation between the soil and pipe surfaces is achieved using normal contact with selecting 
hard contact algorithm. 3D FE models used for the problem and displacements (U) of the pipe 
and the soil surrounding the pipe are shown in Figure 6.16. The unit of the displacement in 
Figure 6.16 is in meters (m). The parameters used for the clay and steel pipe in the 3D FE model 
are given in Table 6.8. 
     
Figure 6.16. 3D FE model of lateral movement of the pipe in soil medium for a) 
ABAQUS/Standard module b) ABAQUS/Explicit module 
The bottom wall of the soil medium is fixed in all directions as an encastre and side walls of 
the soil are restricted in the horizontal direction. The pipe is displaced by a uniform 
displacement of 0.15 m in the lateral direction as shown in Figure 6.13. Maximum stresses and 
strains in the soil are expected to develop at the soil-pipe interface. Therefore, a fine mesh is 
used for the soil surrounding the pipe.  
The load-lateral displacement curves obtained by ABAQUS/Standard and ABAQUS/Explicit 
are shown in Figure 6.17. The comparison confirms that the predictions of load-lateral 
displacement relations by ABAQUS/Explicit are quite satisfactory. Besides, the prediction of 
  ABAQUS/Standard ABAQUS/Explicit 
a) b) (m) (m) 
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soil-pipe interaction based on ASCE (1984) guideline shows a close trend with respect to FE 
results. 
Table 6.8. Parameters used for the soil, pipe, and contact in FE models 
Soil: Clay 
Elastic Plastic 
E (MPa) 25 φ (°) 0 
ϑ 0.3 Ψ (°) 0 
  c (kPa) 50 
Pipe: Steel Pipe 
Elastic Plastic 
E (GPa) 210 Yield Stress, MPa (σy) 450 
ϑ 0.3     
Contact  
Tangential  Normal  
𝜇𝑓 0.3 Hard Contact  
 
 
      Figure 6.17. Lateral soil-pipe interaction for ABAQUS /Explicit, ABAQUS/Standard and 
ASCE Guidelines (1984) 
6.5.2.2. Pipelines crossing strike-slip faults 
A quasi-static nonlinear analysis of the 0.9144 m diameter steel pipeline crossing a strike-slip 
fault is performed by applying fault displacements. The pipeline is assumed to be buried 2.5 m 
below the ground and 5 m depth and 10 m width are selected for the dimensions of the soil 
medium as shown in Figure 6.18a. 60 pipe diameter (𝐿 = 60𝐷) length is chosen for the length 
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of the model as in Vazouras et al. 2010, Sarvanis and Karamanos (2017). Two different loading 
stages – gravity loading and fault displacement- are utilized to simulate the soil-pipeline 
interaction problem. Gravity loading is applied to the whole model in the first stage and in the 
second stage, fault displacements of 1 m with 20° fault crossing angle, which results in 0.940 
m in -x-direction and 0.342 m in -z-direction, are applied to the left-hand side of the soil block 
and fixed soil block is restrained in horizontal and axial directions. In order to simulate real 
field conditions at the pipe ends, equivalent boundary springs proposed by Liu et al. 2004 are 
used as seen in Figure 6.18b. Figure 6.18c shows the deflected pipeline under strike-slip faulting 
along with a legend showing longitudinal pipe strains (LE22) along the pipeline. The 
distribution of longitudinal pipe strain within the red dashed zone is shown in Figure 6.18d. A 
fine mesh is employed for the soil surrounding pipe and the regions close to the fault trace since 
maximum stresses and strains are expected to occur within these regions. The engineering 
properties of the soil and pipeline, the other parameters related to fault characteristics used in 
the 3D FE model are summarised in Table 6.9. An API 5L X-70 steel pipe with 490 MPa of 
yield strength is used in the FE model. The sand is assumed to have 32° of internal friction 
angle and 1° of dilation angle.    
For verification of the 3D FE model, the variation of maximum tensile and compressive pipe 
strains with respect to normalized fault displacements (𝛿/𝐷) are compared to analytical 
methods suggested by Karamitros et al. 2007 and Sarvanis and Karamanos (2017) as shown in 
Figure 6.19. The comparison clearly shows that the prediction of maximum tensile and 
compressive pipe strains by the 3D FE model is quite compatible with the analytical results. 
The magnitude of compressive and tensile pipe strains are quite close, proving that an explicit 
solution technique can be used for this soil-pipe interaction problem. 
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Figure 6.18. a) Cross-section of 3D Soil Continuum model, b) plan view of the 3D FE model 
showing displacements of moving the block and fixed block, c) displacement profile of the 
pipeline, d) longitudinal pipe strains in the dashed red zone  
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Table 6.9. Engineering properties of the soil and pipe and contact parameters used in the 3D 
FE model  
Soil: Medium Sand 
Elastic Plastic 
E (MPa) 20 φ (°) 32 
ϑ 0.35 Ψ (°) 1 
  c (kPa) 1 
Pipe: Steel Pipe 
Elastic Plastic 
E (GPa) 210 Yield Stress, MPa (σy) 490 
ϑ 0.3     
Contact  
Tangential  Normal  
𝜇𝑓 0.3 Hard Contact  
 
        
Figure 6.19. Maximum tensile and compressive pipe strains obtained from FE analysis and 
analytical methodologies 
Figure 6.20 shows the variation of energy with time for the ABAQUS/Explicit model of the 
pipeline crossing strike-slip fault. Variation of kinetic energy (ALLKE), artificial energy 
(ALLAE), total energy (ETOTAL) and internal energy (ALLIE) with time are shown in Figure 
0.0 0.5 1.0
-0.005
0.000
0.005
0.010
0.015
M
a
x
im
u
m
 T
e
n
s
ile
 (
 T
)/
C
o
m
p
re
s
s
iv
e
 S
tr
a
in
 (
 C
) 
Fault Displacement,  (m)
 Maximum Tensile Strain - Karamitros et al. 2007 
 Maximum Compressive Strain - Karamitros et al. 2007
 Maximum Tensile Strain - Sarvanis and Karamanos (2017) 
 Maximum Compressive Strain - Sarvanis and Karamanos (2017)
 Maximum Tensile Strain (FEM-ABAQUS/Explicit)
 Maximum Compressive Strain (FEM-ABAQUS/Explicit)
Fault Displac nt, δ (m) 
M
ax
im
u
m
 l
o
n
g
it
u
d
in
al
 s
tr
ai
n
s 
(ε
) 
Tensile 
Strain 
(εT,max) 
Compressive 
Strain 
(εC,max) 
6-29 
 
6.20. ALLKE is relatively very small compared to ALLIE, confirming that the results of this 
soil-pipeline interaction problem reflect a quasi-static solution. ALLAE is artificial energy 
generated by internal hourglass forces and it should not exceed 5% of ALLIE. In the model, 
ALLAE is around 8% of ALLIE, which is considered as reasonable.   
 
Figure 6.20. Energy content for ABAQUS/Explicit model, showing the variation of ALLAE, 
ALLKE, ALLIE and ETOTAL with time 
6.6. Validation of 3D FE Models via Case Studies, Experimental Studies, and Analytical 
Methodologies 
6.6.1. The validation of the 3D FE model via Analytical Models 
A quasi-static nonlinear analysis of the 0.9144 m diameter pipeline crossing strike-slip fault 
was performed by applying fault displacements incrementally for the case: the pipeline is under 
tension and bending (𝛽 = 20°) as shown in Figure 6.21. The pipeline is assumed to be buried 
2.5 m below the ground and the dimensions of the soil medium were selected as 5m depth and 
20 m width and 60 pipe diameter (60𝐷) length. Two different loading stages were used to 
simulate the soil-pipeline interaction problem: 1) Gravity loading was applied to the whole 
model and 2) fault displacement was applied to right-hand side soil block with 20° fault crossing 
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angle and left-hand side soil block was restrained in horizontal and axial directions. Equivalent 
boundary springs proposed by Liu et al. (2004) were utilized to simulate boundary conditions 
in the field. 3D FE model of the problem and the displacement (U) of the pipe and the soil 
surrounding it is demonstrated in Figure 6.22. The unit of the displacement in Figure 6.22a is 
in meters (m). Engineering properties of the soil and pipeline, fault characteristics of the fault 
are given in Table 6.10. 
 
Figure 6.21. A pipeline crossing strike-slip faults with β=20° (pipelines are under tension 
and bending 
Table 6.10. Engineering properties of the soil and pipe and contact parameters used in the 
3D FE model  
Soil: Medium Sand 
Elastic Plastic 
E (MPa) 20 φ (°) 32 
ϑ 0.35 Ψ (°) 1 
  c (kPa) 1 
Pipe: Steel Pipe 
Elastic Plastic 
E (GPa) 210 
Yield Stress, 
MPa (σy) 490 
ϑ 0.3     
Contact 
Tangential  Normal 
𝜇𝑓 0.3 Hard Contact 
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Figure 6.22. a) Cross-section of soil prism showing cross-section dimensions of the soil 
blocks, b) plan view of the deflected soil blocks, c) plan view of deflected pipeline showing the 
length of the model 
3D FE model of the pipeline crossing strike-slip fault with 20° fault crossing angle was 
validated by analytical methodology proposed by Sarvanis and Karamanos (2017). Figure 6.23 
shows the variation of maximum tensile and compressive pipe strains with respect to 
normalized fault displacements (𝛿/𝐷). The results obtained by 3D FE model matched quite 
well with the results calculated by analytical methodology proposed by Sarvanis and 
Karamanos (2017), validating the reliability of the proposed 3D FE model of pipelines that are 
mainly under tension and bending.   
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Figure 6.23. Variation of maximum tensile and compressive pipe strains with respect to 
normalized fault displacements – validation of the proposed 3D FE model for pipelines under 
tension and bending    
6.6.2. The performance of Thames water pipeline during the 1999 Kocaeli Earthquake 
Earthquake details: 
The 1999 Izmit Earthquake occurred on 17 August in northwest of Turkey. The moment 
magnitude of the shock was 7.6. The event lasted 37 seconds, leaving approximately half a 
million people homeles and killed around 17000 people (Marza, 2004). It originated in the 
western portion of North Anatolian Fault Zone (NAFZ) with the epicentre at 40.81°N 29.98°E 
(ISC, 2014). The depth of the hypocentre was determined to be 15 km. A rupture length of 150 
km extending from the city of Duzce all the way into the Marmara Sea along the Gulf of Izmit 
occurred in the earthquake. The fault offsets along the rupture was as large as 5.7 meters 
(Reilinger et al., 2000). The location of the epicentre is highlighted in Figure 6.24. 
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Figure 6.24. Map of Turkey showing the epicentre of the 1999 Izmit Earthquake,  
Case Study: 
The 1999 Izmit, Turkey earthquake imposed large deformation on the butt-welded API Grade 
B steel Thames water pipeline crossing right lateral strike-slip faults (North Anatolian Fault). 
Figure 6.25 shows a map with the location of the Izmit fault. The red dashed rectangular area 
on the map shows the region where the Thames water pipeline crosses the Izmit Fault. The 
detailed illustration showing the Thames water transmission pipeline and fault location after 
the 1999 Izmit Earthquake is shown in Figure 6.26.  
 
Figure 6.25. A map showing the location of the Izmit Fault 
Eidinger et al. (2002) studied the performance of buried steel pipeline with 2.2 m diameter and 
18 mm wall thickness for this earthquake. The pipe-fault intersection angle was 55.50 and the 
maximum right-lateral offset of the fault was 3 m, which caused large deformation in the 
Turkey 
Izmit Fault 
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pipeline. Due to the direction of the pipeline with respect to the fault, the pipeline was subjected 
to compression and bending strains. Two major local bucklings were observed at both sides of 
the fault as well as one minor local buckling developed in the soft soil side as shown in Figure 
6.26.  
 
Figure 6.26. Thames water transmission pipeline and fault location after the Izmit 
Earthquake (adopted from Eidinger et al., 2002) 
The local buckling of the pipeline resulted in the reduction in the effective internal diameter of 
the pipe, which significantly affected the performance of the pipeline in terms of flow rate. 
Figure 6.27 shows the reduction of the internal diameter due to wrinkling. Minor leak at the 
bend at the point of wrinkle number 3 was observed whereas significant leak and partial tear 
occurred in the vicinity of wrinkle number 2. The pipe & fault characteristics and soil 
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parameters are given in Table 6.11. The parameters in Table 6.11 are taken from Kaya et al.’s 
(2017) study.  
      
Figure 6.27. Internal pipe diameter reduction due to wrinkling: a) view from South towards 
North, b) view from North towards South (Eidinger et al., 2002) 
Table 6.11. Pipe & Fault Characteristics and Soil parameters (Eidinger et al., 2002; Kaya et 
al., 2017)  
Pipe and Fault Characteristics   Soil Parameters 
Pipe Material API Grade B Steel Soft Soil  
Pipe Diameter, D (m) 2.2 Young's Modulus (MPa) 8 
Pipe Wall Thickness, t (m) 0.018 Cohesion (kPa) 20 
Slenderness Ratio (D/t) 125   
Pipe Burial Depth (m) 3.05 Stiff Soil 
Pipe-Fault Angle, β 55.5° Young's Modulus (MPa) 16 
Fault Offset (m) 3 Cohesion (kPa) 40 
Transverse Offset (m) 2.47 
  Longitudinal Offset (m) 1.7 
 
6.6.2.1. The 3D Finite Element Model for Case Study of Kullar Faults 
Solid continuum elements (brick elements with eight node reduced-integration, C3D8R) are 
used to model soil and Mohr-Coulomb model, which is characterized by the friction angle (), 
the soil cohesion (𝑐), the elastic modulus (𝐸), Poisson’s ratio (𝜗) and the dilatation angle (𝛹), 
is chosen to represent the stress-strain relationship in soil. Shell elements with four-node-
reduced-integration (S4R) are used to model pipeline. Isotropic Von Mises yield model is 
selected for the steel pipe element. Soil-pipe interaction is modeled by using both tangential 
a) b) 
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and normal contact. The tangential contact is used to simulate the interaction between the pipe 
and soil by choosing penalty friction contact. This algorithm considers interface friction with 
the definition of a friction coefficient (𝜇𝑓) The friction coefficient between the soil and pipe 
surfaces is taken to be 𝜇𝑓 = 0.3 as suggested in references ( Vazouras et al. 2010 and Vazouras 
et al. 2015). The normal contact with selecting hard contact allows separation of the pipe and 
soil surfaces. 
The vertical boundary nodes of the fixed parts are restricted in the horizontal direction. The 
uniform fault displacement is applied in the external nodes of the moving part in the horizontal 
direction for the experimental models as shown in Figure 6.28. For the case of the Thames water 
pipeline crossing Kullar fault, both horizontal and longitudinal fault movements are applied in 
the external nodes of the moving part and end point of the equivalent boundary spring at the 
moving part.  
 
Figure 6.28. The plan view of the FE model of the Thames water pipeline crossing Kullar 
fault showing boundary conditions of the model 
100 m 
2
0
 m
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6.6.2.2. Validation of the 3D FE model via Kullar Fault Case Study 
A 3D quasi-static nonlinear analysis of Thames water pipeline crossing Kullar fault is 
performed by applying fault displacements incrementally. Three different loading stages are 
used to simulate the real field conditions: 1) Gravity loading, 2) Internal pressure of the pipe, 
3) Fault displacement. In the first step, the gravity loading step is used to calculate the stresses 
in the soil and on the pipe due to the self-weight of the soil and pipe. Secondly, an internal 
pressure of 1 MPa is applied to the inner wall surface of the pipe. These first two stages are 
used to simulate operational stresses in the pipe. Finally, fault displacements (1.70m in the x-
direction, 2.47m in the y-direction) are applied to the right-hand side soil block and the other is 
kept fixed. Equivalent boundary springs, which take into account soil-pipe axial interaction 
forces along the unanchored length (𝐿𝑎), are used at both end sides of the pipe to simulate real 
field boundary conditions. Equivalent boundary springs at both pipe ends and soil movement 
(displacement, U) developing due to fault movement are shown in Figure 6.29a-b. The 
displacement (U) values in the legend in Figure 6.29 are in meters. Figure 6.30 shows Mises 
stresses in the pipeline as well as two major wrinkling points (wrinkling no.1 and no.2) and a 
minor wrinkling point (wrinkling no.3) developing due to fault movement. The unit of Mises 
stresses in the pipeline is in pascal (Pa). As seen in Figure 6.30, an asymmetric of pipe deflection 
is observed due to that soil properties are different at both sides of the fault line. It can be easily 
seen that the location of wrinkling no.1 (in stiff soil) is closer to the fault trace than the location 
of wrinkling no.2 (in soft soil) is. Figure 6.31a shows the plastic longitudinal strains (PE) along 
the pipeline and Figure 6.31b focuses on plastic longitudinal strains at the Wrinkling points 
No.1 and No.2 which are pointed in the dashed blue circles.   
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Figure 6.29. a) The side view of the 3D FE model showing equivalent boundary springs at 
both sides (fixed and movable sides), b) plan view of the 3D FE model showing soil movement 
due to fault displacement 
 
Figure 6.30. The Mises stresses along the pipeline due to gravity, pipe pressure and fault 
displacement loading 
 
 
 
 
Wrinkling No.1 
Wrinkling No.2 Wrinkling No.3 
a) 
b) 
(m) 
(Pa) 
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Figure 6.31. a) The plastic longitudinal pipe strains along the pipeline, b) the plastic 
longitudinal pipe strains at the wrinkling points No.1 and No.2 
Figure 6.32a-b shows the observed and calculated plastic deformations of the Thames water 
pipe. The photo of the deformed Thames water pipe is taken from Kaya et al.’s (2017) study. 
As seen in Figure 6.32a-b, permanent deformations in the pipe at one of the wrinkling points 
look similar.      
     
Figure 6.32.a) Observed plastic deformations of Thames water pipe (Kaya et al., 2017), b) 
calculated plastic deformations of the water pipe  
As a result of 3D Finite Element analysis, the separation distance between the major wrinkles 
(wrinkle no. 1 and wrinkling no. 2) is obtained as 14 m while field observations showed the 
distance of 17.1-17.6 m. The rotation demands of pipe wrinkles are obtained as 8.5-10° as seen 
in Table 6.8. These values are consistent with those obtained by field observations. The minor 
wrinkle (wrinkling no.3) develops at 12 m far from the wrinkling no.2 in the soft soil. Table 
 
Wrinkling No.1 
Wrinkling No.1 Wrinkling No.2 
Wrinkling No.2 
a) 
b) 
a) b) 
6-40 
 
6.12 summarises and compares the key results obtained from 3D FE analysis and observed from 
the case study of Thames water pipeline crossing Kullar fault.   
Table 6.12. Comparison of numerical results and field measurements (Kaya et al., 2017)  
 
 
 
6.6.3. The validation of the 3D FE model via Small-Scale Model Experiments 
In this section, 3D FE models of a small scale model experiment of a buried continuous pipeline 
crossing strike-slip faults are created. The FE analysis results are compared to experiment 
results (demo test 1) in order to validate the developed FE model. Relevant information on 
demo test 1 (DT-1) that is used to validate the FE model can be found in Tables 4.3 and 4.10. 
Firstly, the experimental setup and materials used in the experiments are given and then the 3D 
FE model of the problem is created. Finally, the results of the FE analysis and the experiment 
are compared.   
6.6.3.1. The experimental setup of buried continuous pipelines crossing strike-slip faults 
Figure 6.33 shows the experimental test setup of buried continuous pipelines crossing strike-
slip faults and its schematic explanation of the working principle. The box has 2 m length, 1 m 
width and 0.75 m depth. Force is applied to the moveable box by an electric actuator. The test 
setup represents fault crossing angle=90°. The scaled 1-g model allows for a maximum lateral 
displacement of 300 mm. As seen in Figure 6.33b, the pipe is buried at 250 mm depth. Red Hill 
Dry Sand is used in the experiment and engineering properties of the sand are given in Table 
6.13. The pipe material used in the experiment is High-Density Polyethylene (HDPE). The 
engineering properties of the HDPE pipe and its dimensions are given in Table 6.14. 
 
The separation 
distance between 
wrinkles (m) 
Rotations 
at 
Wrinkles 
(1 and 2) 
The distance 
between 2nd 
and 3rd wrinkle 
(m)  
Field 
Observations 
17.1-17.6 7.5-8.5° 13.0 
3D FEM 14 8.5-10° 12.0 
6-41 
 
 
Figure 6.33. a) Plan view of the experimental setup showing its dimensions, b) cross-section 
view of the experiment setup showing pipe burial depth and soil depth (DT-1 (ET-1)) 
Table 6.13. Engineering properties for Red Hill dry sand 
The peak angle of friction, ∅𝑝𝑒𝑎𝑘  40° 
The residual angle of friction, ∅𝑐𝑣 34° 
Dilation angle, ψ 6° 
Relative Density, Dr 35% 
Specific Gravity, G 2.65 
Maximum Void Ratio, emax 1.04 
Minimum Void Ratio, emin 0.55 
 
Table 6.14. Pipe material properties and dimensions  
 
 
 
 
 
HDPE  
Young’s Modulus, E 750 MPa 
Yield Stress, σy 14 MPa 
Outer Diameter, D 50 mm 
Wall Thickness, t 3 mm 
Pipe Length, L 1700 mm 
a) b) 
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6.6.3.2. The 3D Finite Element Model of Experiment Setup 
A 3D FE simulation of the experimental setup of buried continuous pipelines crossing strike-
slip faults (see DT-1 (ET-1) in Table 5.1 in Section 5.1) is created by using ABAQUS v 6.14. 
Two different stages are used to simulate the real field conditions: 1) Gravity loading and 2) 
Fault displacement. Gravity loading is applied to the whole model to simulate the stresses in 
the soil and on the pipe due to the self-weight of the soil and pipe. In the second step, fault 
displacement with a 90° fault crossing angle (300 mm displacement in the horizontal direction) 
is applied incrementally to the left-hand side soil block (movable box) while right-hand side 
soil block (fixed box) is kept fixed. Continuum elements (C3D8R) are used to model the soil 
and Mohr-Coulomb model, which is characterized by the friction angle (𝜑), the soil cohesion 
(𝑐), the elastic modulus (𝐸), Poisson’s ratio (𝜗) and the dilation angle (𝜓), is chosen to 
represent the stress-strain relationship in soil. Shell elements (S4R) are used to model the 
pipeline and Isotropic Von Mises yield model is selected for the HDPE pipe element. The 
interaction between the soil and pipe is modeled using both tangential and normal contacts. The 
tangential contact algorithm with a proper friction coefficient (𝜇𝑓) simulates the friction 
between the soil and pipe. The normal contact with selecting hard contact allows separation of 
the pipe and soil surfaces. The soil-pipe interface friction parameter (𝜇𝑓) is considered equal to 
0.4 as observed in the axial push test. Two different cases are considered for the FE analysis: 
a) Peak internal friction angle (φpeak) is used for the Case I, b) residual internal friction angle 
(φcv) is used for the Case II. As seen in Figure 3.11, Red Hill Sand at 35% relative density has 
peak internal friction angle of 40°, internal friction angle of 34° and it needs a dilation angle of 
6° at this relative density. Young’s modulus of the sand (E) is calculated by using G0 value 
obtained in Section 3.9.1. The stiffness reduction with increasing strain amplitude is not taken 
into account in the 3D FE model. This leads to overestimation of pipe strains under small 
relative-soil-pipe movements as the sand has large stiffness that does not reduce under 
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increasing strains. A constant value of the shear modulus is used for each depth. In other words, 
the stiffness increase with depth is not considered. Ignoring shear modulus change with depth 
is thought not significantly affect the pipeline behaviour as it is buried at a constant depth and 
shear modulus at pipe burial depth is used for the FE model. The parameters used in the FE 
models are given in Tables 6.15 and 6.16. 
Table 6.15. Parameters used in the 3D numerical model for Case I 
Soil: Red Hill Sand 
Elastic Plastic 
E (MPa) 13 φ (°) 40° 
ϑ 0.4 Ψ (°) 6° 
  c (kPa) 0 
Pipe: HDPE 
Elastic Plastic 
E (MPa) 750 Yield Stress, MPa (σy) 14 
ϑ 0.3     
Contact  
Tangential  Normal  
𝜇𝑓  0.4 Hard Contact  
Table 6.16. Parameters used in the 3D numerical model for Case II 
Soil: Red Hill Sand 
Elastic Plastic 
E (MPa) 13 φ (°) 34° 
ϑ 0.4 Ψ (°) 6° 
  c (kPa) 0 
Pipe: HDPE 
Elastic Plastic 
E (MPa) 750 Yield Stress, MPa (σy) 14 
ϑ 0.3     
Contact  
Tangential  Normal  
𝜇𝑓  0.4 Hard Contact  
The vertical boundary nodes (side walls) of the fixed parts are restricted in the horizontal 
direction and the bottom wall of the fixed soil block is restricted as an encastre. The uniform 
fault displacement is applied in the external nodes of the moving part in horizontal (z) direction 
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as in the experimental model (Figure 6.33). Equivalent boundary end springs are connected to 
both pipe ends to simulate the end connectors. The force-displacement relationship for the end 
springs is plotted in Figure 6.34. 
A fine mesh is used for the soil surrounding the pipeline, and the region close to the strike fault 
trace, where the pipe and fault intersect (Figure 6.35a-c). Maximum stresses and strains in the 
soil and pipeline are expected to develop in these parts. On the other hand, a coarser mesh is 
employed for the soil parts far from the fault trace (Figure 6.35a). The magnitude of the 
displacements (U) in soil blocks is shown in Figure 6.35a. The unit of the displacements in the 
legend in Figure 6.35a is in meters (m). Figure 6.35b demonstrates the displacement profile of 
the pipeline.  
 
Figure 6.34. The force-displacement relationship for the end connector 
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Figure 6.35. a) Plan view of the 3D FE model showing displacements of fixed and movable 
soil blocks, b) displacement profile of the pipeline, c) cross-section of soil continuum model 
showing pipe burial depth and cross-section dimensions  
Figure 6.36 plots measured bending strain distribution from DT-1 (ET-1) and predicted bending 
strain distribution from numerical analysis for Case I and Case II. Black points are for the 
bending strains measured during the experiment (𝛿/𝐷 =  6.0). The red dotted line shows the 
bending strains that are predicted by numerical analysis (𝛿/𝐷 =  6.0) for Case I. The blue 
dashed line shows the bending strains that are predicted by numerical analysis (𝛿/𝐷 =  6.0) 
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for Case II. As seen in the figure, results show that both of the 3D FE models (Case I and Case 
II) are fairly capable of capturing bending strain distribution and simulating the experimental 
model. The 3D FE model for Case II in which residual internal friction angle was used predicts 
the bending strain distribution better than the 3D FE for Case I does. Under large displacements 
(𝛿/𝐷 =  6.0 can be considered as large displacement), the internal friction angle of the Red 
Hill sand reaches its residual value. Therefore, Case II provides close results to experiment data 
under large displacements.   
  
Figure 6.36. Plots of pipe bending strains versus distance from the fault (x) for DT-1 (ET-1) 
and numerical analysis 
Figure 6.37 plots axial strain distribution along the pipeline for the experiment (DT-1) and 
numerical analysis for Case I and Case II. Black dots show measured axial strains from the 
experiment whereas the blue dashed line and red dotted line demonstrate predicted axial strains 
from the numerical analysis for Case I and Case II. Axial strains are predicted quite well except 
three points shown in the purple dashed circles. The maximum axial strain is expected to 
develop at the pipe-fault intersection. The experiment data at fault trace seems to be under 
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predicted compared to the numerical results. The other two data points in purple dashed circles 
seem to be over-predicted compared to the numerical results.  These two points are situated in 
high curvature zone and the discrepancy between measured and predicted axial pipe strains may 
be due to experimental errors related to strain gauges.  
Figure 6.38 shows the plot of peak bending strains versus normalized fault displacements for 
the experiment and numerical analysis (Case I and Case II). The dark red line show measured 
bending strains from the experiment whereas the blue dashed line (Case II) and red dotted line 
(Case I) show calculated bending strains from the numerical analysis. The predicted and 
measured peak bending strain results are getting closer to each other with the increase in fault 
displacement. Case II in which residual internal friction angle was used provides better results 
with increasing fault displacements. The results show that the numerical model is able to 
capture the pipeline behavior under strike-slip faulting.  
  
Figure 6.37. Plots of axial strains versus distance from the fault (x) for DT-1 (ET-1) and 
numerical analysis 
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Figure 6.39 plots the variation of peak axial strains with increasing normalized fault 
displacements for the experiment and numerical analysis. The green dash dot line shows peak 
axial strains obtained from the trendlines (see Figure 5.3 in Section 5.2.2) while the dark red 
line shows peak axial strains obtained from the maximum axial strain data point (see Figure 5.3 
in Section 5.2.2). The blue dashed line and red dotted line show peak axial strains predicted by 
numerical analysis for Case II and Case I, respectively.  The peak axial strains are over-
predicted by numerical analysis for Case I and Case II. The measured peak axial strains 
(maximum values) provide closer results to those predicted by the numerical analysis.     
 
Figure 6.38. Plots of peak bending strains (εb, max) versus normalized fault displacements 
(δ/D) 
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Figure 6.39. Plots of peak axial strains (εa, max) versus normalized fault displacements (δ/D) 
6.7. Summary 
This section focuses on the development of a Finite Element model using the 
ABAQUS/Explicit module to simulate pipelines crossing strike-slip faults. The FE models are 
validated by using two different examples: 1) Lateral movement of pipe in the soil medium and 
2) Pipelines crossing strike-slip faults. In the first example, the load-lateral displacement 
relationship obtained by ABAQUS/Explicit is compared to the relationship obtained by 
ABAQUS/Standard and the ASCE Guidelines (1984). The variation of maximum tensile and 
compressive pipe strains with respect to normalized fault displacement (𝛿/𝐷) are compared to 
those values calculated by analytical methods in the second example. Good agreement is 
achieved considering the results in both examples and the explicit solution technique can be 
considered as a reliable tool to effectively capture the behavior of pipelines crossing active 
faults. Quasi-static loading problems can be reliably simulated considering energy content 
concept.  
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The developed numerical models need to be validated via either analytical methods, case studies 
or experimental studies before carrying out parametric studies and design of pipelines crossing 
PGDs. In this chapter, the developed 3D FE models of pipelines crossing strike-slip faults are 
validated via analytical methods, a case study of a pipeline crossing Kullar fault in Turkey, and 
an experimental study of buried continuous pipelines crossing strike-slip faults. The validation 
results show that the proposed 3D numerical models provide accurate results and they are 
reliable to carry out parametric studies or to design buried continuous pipelines crossing active 
faults.  
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7. Numerical Results 
7.1. Introduction 
The performance of the proposed end connectors was assessed through physical model tests in 
Chapter 5. Two strain gauges on the spring-line of the silicon end connectors were attached. 
However, during the experiment, these strain gauges were malfunctioned. Therefore, reliable 
data from these strain gauges could not be measured. In order to investigate the performance of 
the end connectors in terms of force-displacement relationships of them, numerical analysis has 
been performed by using ABAQUS and compared with other measured data from the 
experiments.  In Section 7.2.1, the tension test of the cast-in silicone sample (see Section 4.5.2) 
is simulated using the ABAQUS/Explicit module. Different values of Young’s Modulus of 
silicone material (E=360kN/m2, 380 kN/m2 and 420 kN/m2) are chosen in order to investigate 
the value of Young’s Modulus that provides good agreement with the test results. 
7 
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In Section 7.2.2, the force-displacement relationships for the end connectors with various values 
of Young’s Modulus (E=360 kN/m2, 720 kN/m2, 1080 kN/m2 and 4000 kN/m2), thicknesses 
(t=10 mm, 20 mm) and lengths (L=50 mm, 100 mm) are obtained by using ABAQUS/Explicit 
module. This parametric study is carried out to investigate the effects of Young’s modulus, 
thickness and length on end connector behaviour and determine the case that is good agreement 
with the force-displacement relationships obtained by the closed-form solutions (Liu et al., 
2004; Vazouras et al., 2015 and Zhang et al., 2016).  
In Section 7.2.3, end connectors that were used in the experiments were modelled by 3D solid 
elements and equivalent boundary springs. The numerical results obtained by these two 
different pipe end conditions are compared to validate the FE model of 3D end connectors. By 
using the numerical results, axial and bending strains developed within the 3D end connectors 
are compared. Axial strains in the connectors are expected to be much larger than bending 
strains in the end connectors as they are placed out of the curved zone (see Section 4.5). This 
expectation is checked by using the numerical results. Finally, peak axial pipe strains for the 
numerical models with various end connectors with different Young’s modulus and thicknesses 
are obtained and these values are compared to the values calculated by the analytical method. 
Furthermore, a parametric study has been carried out to investigate non-dimensional groups 
influencing the behavior of pipelines crossing strike-slip faults in Section 7.3. An API 5L X70 
steel pipeline with 0.9144 m diameter was used and the pipe was assumed to be buried in clay 
soil with various cohesion values at 2.5 m depth. In order to cover the wide range of soil-pipe 
stiffness values, clay cohesion was assumed to range from 10 kPa to 150 kPa. An operational 
pipe pressure of 6.29 MPa was used in the study. Two different scenarios were considered: a) 
Buried continuous steel pipelines under bending and tension, b) buried continuous steel 
pipelines under bending and compression. The performance of buried continuous steel pipelines 
in terms of variation of maximum tensile and compressive strains with normalized fault 
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displacements for these two scenarios was investigated. Considering relevant Performance-
Based Design criteria for tensile failure and local buckling failure, critical fault displacements 
(𝛿/𝐷)𝑐𝑟 for various pipe slenderness ratio (𝐷/𝑡), the ratio of pipe burial depth to pipe diameter 
(𝐻/𝐷), relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼) and normalized pipe pressure (𝑝/𝜎𝑦) were 
calculated.  
Furthermore, the effects of pipe end boundary conditions on the behavior of buried continuous 
pipelines crossing strike-slip faults are also discussed in Section 7.4.  
7.2. Performance of the proposed end connectors via numerical analysis 
In this section, the performance of proposed end connectors is assessed via numerical analysis. 
Firstly, numerical simulation of tension tests (mentioned in Section 4) is created. The numerical 
results (force-elongation relationships) are compared to those values measured by the average 
values of tension tests. Secondly, the force-elongation relationships of 3D end connectors with 
various Young’s modulus (𝐸), thicknesses (𝑡) and lengths (𝐿) are numerically obtained. The 
calculated values are compared to those values proposed by Liu et al. (2004), Vazouras et al. 
(2015) and Zhang et al. (2016). Finally, numerical simulation of buried HDPE pipes crossing 
strike-slip faults with equivalent boundary end springs and three dimensional (3D) end 
connectors are created and the bending and axial strain distributions obtained by both models 
are compared to those values measured by the model test (DT-1, see Table 5.1). By using the 
validated 3D FE model, the performance of end connectors are assessed in terms of axial and 
bending strains (or axial and lateral displacements) developing within the end connectors. 
Furthermore, calculated peak axial pipe strains for the end connectors with different thicknesses 
and Young’s modulus are compared to those values calculated by the analytical method 
proposed by Sarvanis and Karamanos (2017). 
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7.2.1. Numerical simulation of tension test 
A tension test of the cast in a silicon sample is simulated using ABAQUS v 6.14-3. Figure 18a 
shows the dimensions of the sample used in the numerical model. These dimensions are selected 
considering the dimensions of the test samples (see Table 4.6 in Section 4.5.2). The meshed 
sample and Von Mises stresses along the sample are illustrated in Figure 7.1. In Figure 7.1a, H 
refers to horizontal dimensions while V refers to vertical dimensions. In the figure, all 
dimensions are in meters. Von Mises stresses in Figure 7.1c are in Pascal (Pa).  
A parametric study is carried out using various values of Young’s Modulus for silicon material. 
These values are 360 kN/m2, 380 kN/m2 and 420 kN/m2.  The value of 360 kN/m2 was 
calculated using load-extension relationships obtained by five tension tests (see Figure 4.38 in 
Section 4.5.2). This value of Young’s Modulus was used in the numerical analysis and then the 
value was increased to 380 kN/m2 and 420 kN/m2 in order to obtain a better match with the 
experiment results. The force-elongation relationships for three numerical analysis and the 
average of five tension test results are plotted in Figure 7.2. The black line shows the results for 
E=360 kN/m2 and the red line shows the results for E=380 kN/ m2.  The green line shows the 
force-elongation relationship for E=420 kN/m2 while the blue line in the figure shows the 
average results measured from the tensile tests.  As seen from the figure, the force-elongation 
relationship for the third case (E=420 kN/m2) matches well with the force-elongation 
relationship of the test results average. 
 
 
 
 
 
7-5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. a) A schematic sketch showing dimensions of the tensile test sample, b) meshed 
tensile test sample, c) numerical analysis results showing Von Mises stresses on the sample 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. Force-elongation relationships for various values of Young’s modulus (E) and the 
average of five tests results 
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7.2.2. Numerical simulation of end connectors 
Three dimensional (3D) model of the end connector is created using ABAQUS v 6.14-3. Figure 
7.3a illustrates the proposed end connector and Figure 7.3b-c show meshed end connector 
model with its dimensions and numerical analysis results showing Von Mises stresses on the 
end connector.  
A parametric study is performed using various values of Young’s Modulus (𝐸) and different 
thicknesses for the end connector material. Four different Young’s Modulus (𝐸) are used: a) 
360 kN/m2, b) 720 kN/m2, c) 1080 kN/m2 and d) 4000 kN/m2. Two different thicknesses are 
used in the analysis: a) 10 mm, b) 20 mm and two different lengths are used: a) 𝐿 =100 mm 
and 𝐿 =50 mm. The parameters used in the numerical analysis are summarized in Table 7.1. 
The parametric study is performed to examine the effect of stiffness of the connector material 
and dimensions of the connector on the force-elongation relationship of the end connector. After 
the performance of a series of numerical analyses, target force-elongation relationship 
considering Liu et al. (2004), Vazouras et al. (2015) and Zhang et al. (2016) is obtained for the 
case of E=4000 kN/m2. Only selected results are plotted in Figure 7.4 and the parameters used 
in these selected numerical models are given in Table 7.1.  
Figure 7.4 plots the force-elongation relationships for various values of Young’s modulus (𝐸), 
thicknesses, lengths and equivalent boundary springs proposed by Liu et al. (2004), Vazouras 
et al. (2015) and Zhang et al. (2016). The force-elongation of the end connector is getting closer 
to the force-elongation relationship obtained by the three methods with the increase in values 
of Young’s modulus (𝐸) and thickness of the end connector (𝑡) and with the decrease in the 
length (𝐿). 
7-7 
 
Table 7.1. The parameters used in the numerical analysis  
Case 
Young's Modulus 
(𝐸), kN/m2 
Thickness 
(𝑡), mm 
Length 
(𝐿), mm 
1 360 10 100 
2 720 10 100 
3 1080 10 100 
4 360 20 100 
5 360 10 50 
6 4000 10 100 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3. a) The photo of the end connector, b) a figure showing meshed end connector 
with the dimensions and c) numerical analysis results showing Von Mises stresses on the end 
connector 
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Figure 7.4. Force-elongation relationships for various values of Young’s modulus (E), 
different values of thicknesses and equivalent boundary springs proposed by Liu et al. (2004), 
Vazouras et al. (2015) and Zhang et al. (2016) 
7.2.3. Numerical simulation of buried HDPE pipes crossing strike-slip faults with 
equivalent boundary springs and 3D end connectors 
The model test (DT-1 (ET-1)) with 50 mm pipe diameter, 3 mm pipe wall thickness, 250 mm 
burial depth (see Table 5.1) is simulated by ABAQUS v 6.14-3 using different pipe end 
conditions: 1) equivalent boundary end springs, 2) 3D end connectors. The force-elongation 
parameters used for modeling equivalent boundary end springs are given in Figure 7.5 and the 
parameters used to simulate 3D end connectors are given in Table 7.2.  
Two different loading stages are used to simulate soil-pipe interaction problem under strike-
slip faulting: 1) Gravity loading is applied to the whole model and 2) fault displacement of 300 
mm (𝛿/𝐷 = 6.0)  is applied to left-hand side soil block with 90° fault crossing angle and right-
hand side soil block is restrained in horizontal and axial directions. Figure 7.6a shows total pipe 
displacements using equivalent boundary springs and Figure 7.6b demonstrates total pipe 
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displacements using 3D end connectors. Axial elongation of 3D end connectors is illustrated in 
Figure 7.6c. 
Table 7.2. The parameters used for modeling 3D end connectors  
Young's Modulus, kN/m2  Thickness, mm Length, mm 
420 10 100 
 
 
Figure 7.5. The force-displacement relationship for the equivalent boundary springs 
Axial strain distribution along the pipe for the equivalent end boundary spring model, the 3D 
end connector model and the model test (DT-1 (ET-1)) are plotted in Figure 7.7. Both models 
(end spring and 3D end connector) predict the axial strain distribution quite well. Two axial 
strains in the red dashed circle are over-predicted due to experimental errors. 
Bending strain distribution along the pipeline for the equivalent end boundary spring model and 
3D end connector are plotted in Figure 7.8. Bending strains obtained from the test are also 
plotted in the figure to verify the numerical model. The measured and calculated bending strains 
satisfactorily match, confirming that both numerical models are able to capture the behavior of 
buried continuous pipelines under strike-slip faulting. The results of the equivalent end 
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boundary spring model and 3D end connector model are consistent, showing that proposed 3D 
end connectors are able to experimentally simulate pipe end conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6. a) Numerical analysis results (total displacement) using equivalent boundary end 
springs, b) numerical analysis results (total displacement) using 3D end connectors, c) 
numerical analysis results (axial pipe and end connector displacement) 
Figure 7.9 and Figure 7.10 plot axial and bending strains within the end connector (1) and end 
connector (2). End connectors are numbered as seen in Figure 7.6c. The end connector at the 
left-hand side is numbered as (1) whereas the end connector at the right-hand side is numbered 
as (2). Axial strains within the end connectors are much larger than bending strains, showing 
that the end connectors are mainly under axial elongation. Maximum axial and bending strains 
developing within the end connector (1) and end connector (2) are also given in Table 7.3.  
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Figure 7.7. Axial strain distributions for equivalent end boundary spring model, 3D end 
connector model and the model test  
 
Figure 7.8. Axial strain distributions for equivalent end boundary spring model, 3D end 
connector model and the model test  
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Figure 7.9. Axial and bending strain distribution within the end connector (1) 
 
Figure 7.10. Axial and bending strain distribution within the end connector (2) 
 
 
-0.075
-0.025
0.025
0.075
0.125
0.175
0.225
0.275
0.325
0 0.025 0.05 0.075 0.1
E
n
d
 C
o
n
n
ec
to
r 
S
tr
a
in
Distance along the end connector (x), m
Bending Strain
Axial Strain
-0.05
0
0.05
0.1
0.15
0.2
0.25
0 0.025 0.05 0.075 0.1 0.125
E
n
d
 C
o
n
n
ec
to
r 
S
tr
a
in
Distance along the end connector (x), m
Bending Strain
Axial Strain
x 
(2) 
x 
(1) 
7-13 
 
Table 7.3. Maximum axial and bending strains in the end connectors    
End 
Connector  
Maximum axial 
strain (εa, max) 
Maximum 
bending strain 
(εb, max) 
1 0.238 0.041 
2 0.176 0.019 
 
Figure 7.11 plots the axial strain distribution along the pipeline under various normalized fault 
displacements ranging from 𝛿/𝐷 = 1.0 to 𝛿/𝐷 = 5.0. These results are for the numerical 
model with the 3D end connector that has 10 mm thickness, 100 mm length (𝐿) and Young’s 
Modulus of 4000 kN/m2. As seen from the figure, axial strains increase with the increase in 
fault displacements. Peak axial strains occur at fault trace and axial strains decrease along the 
pipeline due to axial soil-pipe friction forces. In order to obtain axial strain distribution, two 
data paths are created along the pipeline at the west and east springlines of the pipeline (see 
Figure 4.18). Pipe element nodes at springlines are selected to create data paths. The 
longitudinal strains along the pipeline at the springlines are obtained by using these paths. The 
axial strain distribution is obtained by calculating the average of the longitudinal strains at 
springlines of the pipe at the same location as explained in Equation 4.1 in Section 4.4.1.  
Figure 7.12 shows the variation of peak axial pipe strains with normalized fault displacements 
for various end connector properties. These values are compared to those calculated by using 
the analytical method proposed by Sarvanis and Karamanos (2017). As seen in the Figure, peak 
axial pipe strains are getting closer to those values calculated by the analytical method by 
increasing Young’s modulus, thickness and decreasing length of the end connector. As 
mentioned in Section 7.2.2, the end connector with 4000 kN/m2 of Young’s Modulus, 100 mm 
length and 10 mm wall thickness provides closer results to those obtained by the analytical 
methodology proposed by Sarvanis and Karamanos (2017).  
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Figure 7.11. Axial strain distribution along the pipeline under various normalized fault 
displacements (3D end connector model, thickness=10 mm, E=4000 kN/m2, L=100 mm)  
 
Figure 7.12. Peak axial pipe strains vs. Normalized fault displacements (δ/D) 
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7.3. A parametric study on buried continuous pipelines crossing strike-slip faults 
The validated 3D FE models (see section 6.6.1) are used to perform a parametric study in order 
to investigate relations between governing non-dimensional groups. The validation of the 3D 
FE models used in the parametric study was given in section 6.6.1. Totally eighty-four Finite 
Element analysis is carried out (42 analysis for Case 1, 42 analysis for Case 2) in the scope of 
the parametric study. A schematic sketch showing Case 1 and Case 2 is illustrated in Figure 
7.13. The parameters used in the numerical study are summarized in Table 7.4. Numerical 
results are obtained for the steel pipeline with 0.9144 m diameter for various slenderness ratio 
(𝐷/𝑡) and for different soil conditions. Three values for the pipe wall thickness (𝑡) are used 
such as 7.62 mm, 11.91 mm and 15.24 mm, corresponding to 𝐷/𝑡 values equal to 120, 76.78 
and 60, respectively. These values of the ratios of the pipe diameter to wall thickness (𝐷/𝑡) are 
commonly used in oil and gas pipeline networks, as well as water transmission pipelines 
(Vazouras et al., 2010). API 5L X70 steel pipe with 490 MPa of yield strength is used in the 
study. Young’s Modulus of the steel pipe is taken as 210 GPa in the numerical analysis. The 
operation pressure of pipeline for all cases is selected as 6.29 MPa corresponding to 𝑝/𝜎𝑦 value 
equals to 0.0134. The pipeline is assumed to be located in clay soil with different cohesion 
values at 2.5 m burial depth so that wide range of relative soil-pipe stiffness values is covered. 
The values of 𝑘𝐷4/𝐸𝐼 range between 0.0007 and 0.0217, see Table 7.4.  
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Figure 7.13. a) Case 1: Pipelines crossing strike-slip faults with β=20° (pipelines are under 
tension and bending), b) Case 2: Pipelines crossing strike-slip faults with β=20° (pipelines 
are under compression and bending) 
The 3D FE model utilized in the study is the same as the model defined in section 6.6.1. The 
dimensions of the model for Case 1 are 20 m x 5 m x 60 m in directions x, y, z respectively 
(Figure 7.14). Three different loading stages are utilized to simulate the soil-pipe interaction 
problem: 1) Gravity loading was applied to the whole model, 2) pipe pressure is applied to the 
inner surface of the pipeline and 3) fault displacement is applied to moving soil block with -20° 
fault crossing angle (the pipeline is under tension and bending) and fixed soil block is restrained 
in horizontal and axial directions (Figure 7.14). 
 
 
 
Case 2 Case 1 
a) b) 
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Table 7.4. Input parameters used in 3D Finite Element Analysis  
Pipe 
Diameter 
(D) 
Pipe Wall 
Thickness 
(t) 
Pipe 
Pressure 
(p) 
Pipe 
yield 
stress 
(σy) 
Clay 
Cohesion 
(c) 
Relative 
Soil-Pipe 
Stiffness 
(kD4/EI) 
Pipe 
Slenderness 
Ratio (D/t) 
Normalized 
Pipe 
Pressure 
(p/σy) 
m m MPa MPa kPa - - - 
0.9144 0.00762 6.59 
 
490 
 
10 0.0014 
120 
0.0134 
30 0.0043 
50 0.0072 
70 0.0101 
90 0.0130 
125 0.0181 
150 0.0217 
0.9144 0.01191 6.59 
10 0.0009 
76.78 
30 0.0028 
50 0.0047 
70 0.0066 
90 0.0085 
125 0.0118 
150 0.0141 
0.9144 0.01524 6.59 
10 0.0007 
60 
30 0.0022 
50 0.0037 
70 0.0052 
90 0.0067 
125 0.0093 
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Figure 7.14. 3D FE model of Case 1: a) Cross-section of soil prism showing cross-section 
dimensions of the soil blocks, b) plan view of the deflected soil blocks, c) plan view of 
deflected pipeline showing the length of the model 
Figure 7.15 shows the 3D FE model for Case 2 along with the cross-section view of soil block, 
the plan view of the deflected soil blocks and the plan view of the deflected pipeline. All 
dimensions used in the 3D model are given in the figure. Three different loading stages are used 
to simulate the soil-pipe interaction problem under strike-slip faulting as in Case 1: 1) Gravity 
loading, 2) pipe pressure, and 3) fault displacement. The fault displacement is applied to the 
moving block with +20° fault crossing angle (the pipeline is under compression + bending) and 
fixed soil block is restrained in horizontal and axial directions (Figure 7.15). 
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 Figure 7.15. 3D FE model of Case 2: a) Cross-section of soil prism showing cross-section 
dimensions of the soil blocks, b) plan view of the deflected soil blocks, c) plan view of 
deflected pipeline showing the length of the model 
Figure 7.16 plots longitudinal pipe strain distribution at a spring-line for Case 1 under various 
fault displacements. The normalized fault displacements (𝛿/𝐷) range between 0.19 and 1.04. 
The ratio of the pipe diameter to wall thickness (𝐷/𝑡), the ratio of burial depth to pipe diameter 
(𝐻/𝐷), normalized pipe pressure (𝑝/𝜎𝑦) and relative soil-pipe stiffness is equal to 76.78, 2.73, 
0 and 0.0047, respectively. As seen in the figure, longitudinal strain distribution shows 
symmetrical behavior at around fault trace under small fault displacements (e.g. 𝛿/𝐷 = 0.19) 
whereas tensile strains localize at around 5.5 × 𝐷 (5.5 pipe diameter) distance from the fault 
trace under larger fault displacements (e.g. 𝛿/𝐷 = 1.04). 
Equivalent 
Boundary 
Springs 
Moving Block 
Fixed Block 
Equivalent 
Boundary 
Springs 
2.5m 
20m 
-y 5m 
z 
x 
x 
60m 
7-20 
 
 
Figure 7.16. Longitudinal pipe strain at a spring-line for Case 1 under various fault 
displacements (p=0, D/t=76.78, H/D=2.73, kD4/EI=0.0047) 
Longitudinal pipe strain distribution at a spring-line for Case 2 under various fault 
displacements are plotted in Figure 7.17. The normalized fault displacements (𝛿/𝐷) range 
between 0.19 and 1.04. The ratio of the pipe diameter to wall thickness (𝐷/𝑡), the ratio of burial 
depth to pipe diameter (𝐻/𝐷), normalized pipe pressure (𝑝/𝜎𝑦) and relative soil-pipe stiffness 
(𝑘𝐷4/𝐸𝐼) is equal to 76.78, 2.73, 0 and 0.0047, respectively. Longitudinal strain distribution 
shows symmetrical behavior at around fault trace under small fault displacements (e.g. 𝛿/𝐷 =
0.19) whereas compressive strains localize at around 4.4 × 𝐷 (4.4 pipe diameter)  distance from 
the fault trace under larger fault displacements (e.g. 𝛿/𝐷 = 1.04). 
 
 
Fault 
trace 
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Figure 7.17. Longitudinal pipe strain at a spring-line for Case 2 under various fault 
displacements (p=0, D/t=76.78, H/D=2.73, kD4/EI=0.0047) 
Figure 7.18 demonstrates the variation of maximum tensile strain (𝜀𝑇,𝑚𝑎𝑥) with respect to 
normalized fault displacements (𝛿/𝐷) for various relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼). The 
results demonstrated in the figure is for the steel pipeline with 𝑝 = 0 and 𝐷/𝑡 = 76.78 for Case 
1. 𝜀𝑇,𝑚𝑎𝑥 developing within the pipeline increase with the increase in 𝛿/𝐷 and 𝑘𝐷
4/𝐸𝐼. Three 
different zones can clearly be observed: a) in the first zone where is between 0 and 0.25D fault 
displacements, the values of maximum tensile strains linearly increase, b) in the second zone 
where is between 0.25𝐷 and 2.75𝐷 to 3.25𝐷, there is a decreasingly growing nonlinear relation 
between 𝜀𝑇,𝑚𝑎𝑥  and 𝛿/𝐷 for all 𝑘𝐷
4/𝐸𝐼 values, c) in the third zone where starts after 2.75𝐷 to 
3.25𝐷, there is an increasingly growing relation between 𝜀𝑇,𝑚𝑎𝑥  and 𝛿/𝐷 for all values of  
𝑘𝐷4/𝐸𝐼. 
Fault 
trace 
7-22 
 
 
Figure 7.18. Variation of maximum tensile strain (εT, max) with respect to normalized fault 
displacements (δ/D) for various relative soil-pipe stiffness (kD4/EI) (Case 1, p=0, D/t=76.78, 
H/D=2.73) 
Figure 7.19 plots pipeline response within three various stages in terms of maximum tensile 
strain (𝜀𝑇,𝑚𝑎𝑥), peak axial force (𝑁) and bending moment (𝑀). Variation of maximum tensile 
strain (𝜀𝑇,𝑚𝑎𝑥) of the buried pipeline with 𝑘𝐷
4/𝐸𝐼 = 0.0047  with respect to normalized fault 
displacements (𝛿/𝐷) is shown in Figure 7.19a. The trend of peak axial force (𝑁) and bending 
moments (𝑀) of a pipe under bending and tension for three different stages were obtained by 
Banushi et al. (2018). Stage I is for small fault displacements, stage II is for intermediate fault 
displacements and stage III is for large fault offsets. In stage I, the pipeline mainly remains in 
the elastic range. The maximum bending moments start to localize at two inflection points 
which are situated on each side of the fault trace. The distance between inflection points and 
fault trace is a function of relative soil-pipe stiffness (𝑘𝐷4/𝐸𝐼). In Stage II, inelastic axial 
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strains occur at the two inflection points. This leads to a local decrease in axial and bending 
stiffness.  
                                
 
Figure 7.19. Representation of three stages describing the pipeline response in bending and 
tension, a) Variation of maximum tensile strain, b) peak axial force (N) within the pipeline for 
each stage, c) peak bending moment (M) within the pipeline for each stage  
The bending moment decreases consistently until the nonlinear deformations expand to the 
whole pipe curved length whereas the peak axial force experiences parabolic increase with 
increasing fault displacement. In Stage III, the pipe behaves like a cable with no bending 
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stiffness (bending stiffness of the pipe is significantly reduced due to expanding plasticity). 
Consequently, the bending moment decreases up to zero and the axial force remains nearly 
constant. The necking failure of the pipeline is observed in this stage. Figure 7.20 demonstrates 
pipeline deformation and contour plot of longitudinal stresses in each stage.          
 
 
 
 
 
Figure 7.20. Pipeline deformation and contour plot of longitudinal stresses in each stage  
Figure 7.21 shows the variation of maximum compressive strain (𝜀𝐶,𝑚𝑎𝑥) with the change in 
normalized fault displacements (𝛿/𝐷) for different values of relative soil-pipe stiffness 
(𝑘𝐷4/𝐸𝐼). The results demonstrated in the Figure is for the steel pipeline with 𝑝 = 0 and 𝐷/𝑡 =
76.78 for Case 2. 𝜀𝐶,𝑚𝑎𝑥 developing within the pipeline increase with the increase in 𝛿/𝐷 and 
𝑘𝐷4/𝐸𝐼. As seen in Figure 7.21, the pipeline experiences local buckling even for very small 
values of fault displacements (0 − 0.5𝐷) for all values of 𝑘𝐷4/𝐸𝐼. After initiation of the local 
buckling within the pipe wall, strain localization develops and maximum compressive pipe 
strains (𝜀𝐶,𝑚𝑎𝑥) increasingly grows.  
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Figure 7.21. Variation of maximum compressive strain (εC, max) with respect to normalized 
fault displacements (δ/D) for various relative soil-pipe stiffness (kD4/EI) (Case 2, p=0, 
D/t=76.78, H/D=2.73) 
Figure 7.22 plots pipeline response within two various stages in terms of maximum compressive 
strain (𝜀𝐶,𝑚𝑎𝑥), peak axial force (𝑁) and bending moment (𝑀). Variation of maximum tensile 
strain (𝜀𝐶,𝑚𝑎𝑥)  of the buried pipeline with 𝑘𝐷
4/𝐸𝐼 = 0.0047 with respect to normalized fault 
displacements (𝛿/𝐷) is shown in Figure 7.22a. The trend of peak axial force (𝑁) and bending 
moments (𝑀) of a pipe under bending and compression for three different stages were obtained 
by Banushi et al. (2018). Stage I is for the pre-buckling response, stage II is for the post-
buckling response.  
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Figure 7.22. Representation of three stages describing the pipeline response in bending and 
compression, a) Variation of maximum compressive strain, b) peak axial force (N) within the 
pipeline for each stage, c) peak bending moment (M) within the pipeline for each stage  
In the pre-buckling stage, the pipeline remains in the elastic range. Peak axial force and bending 
moment monotonically increase with increasing fault displacements. The maximum bending 
moment and corresponding bending strains are localized at two inflection points, situated on 
each side of the fault trace. Even at a small fault displacement (𝛿/𝐷 = 0.5), local buckling 
failure of the pipe wall develops at these two inflection points due to bending and compressive 
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axial forces. In the post-buckling stage, the bending moment and axial force decrease 
parabolically.  The decreasing trend in the bending moment is a function of pipe slenderness 
ratio (𝐷/𝑡). Figure 7.23 demonstrates pipeline deformation and contour plot of longitudinal 
stresses at pre-buckling and post-buckling stages.    
 
 
 
Figure 7.23. Pipeline deformation and contour plot of longitudinal stresses at pre-buckling 
and post-buckling stages  
Figure 7.18 and Figure 7.21 show typical results for variation of maximum tensile and 
compressive strains with increasing normalized fault displacements. These results are for the 
pipelines with 𝐷/𝑡 = 76.78. The same results (maximum tensile and compressive strain vs. 
normalized fault displacements) can be plotted for the pipelines with 𝐷/𝑡 = 60 and 𝐷/𝑡 =
120. Using these six different plots (three plots for Case 1 with three different D/t, three plots 
for Case 2 with three different 𝐷/𝑡) and considering performance limit criteria such as tensile 
failure and local buckling, the graphs for estimating critical fault displacements are proposed 
as seen in Figure 7.24 and Figure 7.25.     
Figure 7.24a-c demonstrates the variation of critical normalized fault displacements ((𝛿/𝐷)𝑐𝑟) 
with respect to varying relative soil-pipe stiffness for various D/t ratios, p/σy ratios and H/D 
ratios. The values of (𝛿/𝐷)𝑐𝑟  are obtained for 2% tensile failure criteria for various values of 
𝑘𝐷4/𝐸𝐼, 𝐷/𝑡,𝐻/𝐷 and 𝑝/𝜎𝑦 . These data points demonstrate the values of (𝛿/𝐷)𝑐𝑟, where the 
maximum tensile strain reaches at 2% tensile strain, for different ratios of  𝐷/𝑡, 𝐻/𝐷 and 𝑝/𝜎𝑦. 
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As seen in Figure 7.24a-c, the values of (𝛿/𝐷)𝑐𝑟  logarithmically decrease with the increase in 
𝑘𝐷4/𝐸𝐼. The performance of buried continuous pipelines under tension and bending forces can 
be improved by decreasing the D/t ratio of pipelines as seen in Figure 7.24a. The performance 
increase with decreasing the D/t ratio becomes less significant with increasing pipe flexibility. 
For instance, the performance of the pipeline in terms of (𝛿/𝐷)𝑐𝑟   increased by 150% (from 1.3 
to 3.25) at kD4/EI=0.004 by decreasing the D/t ratio from 120 to 60 while the performance 
increase is 47% at kD4/EI=0.011 by changing the D/t ratio from 120 to 60. Figure 7.24b plots 
the variation of (𝛿/𝐷)𝑐𝑟  with increasing pipe flexibility for various 𝑝/𝜎𝑦 ratios. As seen in the 
figure, the increase in pipe internal pressure slightly decreases pipeline performance under 
faulting. Figure 7.24c plots the variation of (𝛿/𝐷)𝑐𝑟  with increasing pipe flexibility for various 
𝐻/𝐷 ratios. Decreasing the ratio of 𝐻/𝐷 increases pipeline performance in terms of (𝛿/𝐷)𝑐𝑟 
as seen in the figure. 
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Figure 7.24. Tensile Failure Case: Variation of critical normalized fault displacements with 
respect to various relative soil-pipe stiffness, a) for various D/t ratios, b) for various p/σy  
ratios and c) for various H/D ratios 
Figure 7.25a-c shows the variation of the (𝛿/𝐷)𝑐𝑟  with the change in 𝑘𝐷
4/𝐸𝐼, 𝐻/𝐷, 𝐷/𝑡 and 
𝑝/𝜎𝑦 for local buckling failure criteria. The data points demonstrate the values of (𝛿/𝐷)𝑐𝑟, 
where the maximum compressive strain reaches at local buckling failure strain, for different 
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values of 𝑘𝐷4/𝐸𝐼, 𝐷/𝑡,𝐻/𝐷 and 𝑝/𝜎𝑦. Decreasing the ratio of D/t increases pipeline 
performance as seen in Figure 25a. However, the performance increase with decreasing the D/t 
ratio becomes less significant with increasing pipe flexibility. For instance, the performance of 
the pipeline in terms of (𝛿/𝐷)𝑐𝑟   increased by 280% (from 0.2 to 0.76) at kD
4/EI=0.0016 by 
decreasing the D/t ratio from 120 to 60 while the performance increase is 122% at kD4/EI=0.011 
by changing the D/t ratio from 120 to 60. Figure 6.25b plots the variation of (𝛿/𝐷)𝑐𝑟  with 
increasing pipe flexibility for various 𝑝/𝜎𝑦 ratios. As seen in the figure, thicker pipelines 
(D/t=60) are slightly influenced by increasing pipe internal pressure (𝑝/𝜎𝑦) compared to thinner 
pipelines (D/t=120). The performance decrease in terms of (𝛿/𝐷)𝑐𝑟 is very small with the 
increase in (𝑝/𝜎𝑦)  for both thicker and thinner pipelines. Decreasing H/D ratio increases the 
performance of pipelines in the range of kD4/EI=0-0.01. However, the performance increase 
with decreasing the pipe burial depth is negligible beyond the value of kD4/EI=0.01.   
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Figure 7.25. Local Buckling Case: Variation of critical normalized fault displacements with 
respect to various relative soil-pipe stiffness, a) for various D/t ratios, b) for various p/σy  
ratios and c) for various H/D ratios  
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7.4. The Effect of Pipe End Boundary Conditions on Buried Continuous Pipelines 
Crossing Strike-Slip Faults 
Pipe end boundary conditions have a significant impact on the behavior of buried continuous 
pipelines crossing Permanent Ground Deformation (PGD) zones such as faults, landslides, 
lateral spreading due to soil liquefaction. In order to investigate the effect of pipe end boundary 
conditions on buried continuous pipeline response to strike-slip faulting, six different 3D FE 
analysis has been performed. Three various pipe end boundary conditions for Case 1 and Case 
2 are considered: 1) fixed-fixed end conditions (Figure 7.26a), 2) equivalent boundary spring-
equivalent boundary spring end conditions (Figure 7.26b), and 3) free-free end conditions 
(Figure 7.26c). For the fixed-fixed pipe end conditions, the fault displacement is applied at the 
pipe end on the moving side: Blue arrow shows the direction of the applied fault movement for 
Case I while the red arrow shows the direction of applied fault movement for Case II as seen in 
Figure 7.26a. In addition, the pipe end is fixed on the stationary side. For the equivalent 
boundary spring-equivalent boundary spring end conditions, the fault displacement is applied 
at the spring end on the moving side: Red arrow shows the direction of applied fault movement 
for Case II while blue arrow shows the direction of the applied fault movement for Case I as 
seen in Figure 7.26b. In addition, the end of equivalent boundary spring on the stationary side 
is fixed. For the third scenario (free-free end conditions), the pipe ends at both stationary and 
moving side are kept free as seen in Figure 7.26c.    
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Figure 7.26. Pipe end boundary conditions: a) Fixed-Fixed end conditions, b) Equivalent 
boundary spring-Equivalent boundary spring end conditions, c) Free-Free end conditions 
The same 3D FE numerical models explained in Section 7.3 are used for this parametric study. 
The parameters used in the numerical analysis are given in Table 7.5.  Figure 7.27 plots 
variation of maximum tensile strains with increasing normalized fault displacements for case 
1: buried continuous pipelines under bending and tension for various pipe end conditions. The 
double purple circles show the points where necking failure starts to develop.  For the case of 
fixed-fixed end condition, the buried continuous pipeline experiences a necking form of failure 
at even small normalized fault displacements (at around 𝛿 = 0.5𝐷). The maximum tensile strain 
within the pipeline shows exponential growth with increasing normalized fault displacements. 
For the case of equivalent boundary spring-equivalent boundary spring end condition, the 
necking form of failure starts to develop at relatively larger normalized fault displacement (𝛿 =
3.10𝐷) compared to the fixed-fixed end condition. In contrast to the fixed-fixed end condition, 
the maximum tensile strain experiences logarithmic growth with increasing normal fault 
displacements until the necking of the pipeline develops. After initiation of the necking form 
of failure, the maximum tensile strain increases exponentially with under increasing normalized 
fault displacements. For the case of free-free end conditions, maximum tensile strain within the 
pipeline experiences logarithmic growth and necking type of failure has not been observed in 
the interval of 𝛿 = 0𝐷 and 𝛿 = 3.5𝐷.          
Fixed 
Equivalent Boundary Spring Equivalent Boundary Spring 
Free Free 
Fixed 1 
2 
3 
Case II 
Case I 
Case II 
Case I 
a) 
b) 
c) 
Stationary side Moving side 
60 m 
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Table 7.5. The parameters used in the numerical analysis 
Soil Pipe 
E 
(Mpa) 20 E (Gpa) 210 
ν 0.35 ν 0.3 
c (kPa) 50 σy (Gpa) 0.49 
Geometry 
D (m) 0.9144 D/t 76.78 
t (m) 0.01191 H/D 1.64 
H (m) 1.5   
 
 
 
 
 
 
 
 
 
 
Figure 7.27. Case 1: Maximum tensile strain (εT, max) vs. normalized fault displacement (δ/D) 
Figure 7.28 plots variation of maximum compressive strains with increasing normalized fault 
displacements for case 2: buried continuous pipelines under bending and compression for 
various pipe end conditions. The double purple circles show the points where local buckling 
failure starts to develop. Local buckling failure starts to develop at very small normalized fault 
displacement (𝛿 = 0.25𝐷) for the case of fixed-fixed end condition. The buried continuous 
1 
2 
3 
 
: Necking 
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pipeline experiences local buckling failure at around 𝛿 = 0.5𝐷 for the case of end boundary 
spring-end boundary spring end condition while local buckling failure develops at around 𝛿 =
1.0𝐷 for the case of free-free end conditions.  A logarithmic growth trend in the maximum 
compressive strain has been observed for all the cases.    
 
 
 
 
 
 
 
 
 
Figure 7.28. Case 2: Maximum compressive strain (εC, max) vs. normalized fault displacement 
(δ/D) 
7.5. Summary 
A 3D FE model is created and used to simulate the tensile test of silicon material (see Section 
4.5.2). The numerical result of the simulation of the tensile test in terms of force-elongation is 
compared to those values measured by the experiment. The proposed end connectors are 
modeled using ABAQUS and the force-elongation relationship of end connectors with various 
Young’s Modulus (𝐸), thicknesses (𝑡) and length (𝐿) are obtained. The force-elongation 
relationships obtained by the numerical analysis are compared to those calculated by the 
analytical methods. The 3D FE model of the buried continuous HDPE pipeline crossing strike-
1 
2 
3 
 
: Buckling 
7-36 
 
slip faults with the proposed end connector is validated through the model test results. The 
performance of proposed end connectors is investigated numerically in terms of axial and 
bending strains developing within the end connectors.   
A parametric study has been carried out to obtain critical fault displacements for buried 
continuous pipelines crossing strike-slip faults considering different limit state criteria such as 
tensile failure and local buckling. Two different scenarios (𝛽 = −20° and 𝛽 = 20°) with 
various values of 𝐷/𝑡, 𝑝/𝜎𝑦, 𝑘𝐷
4/𝐸𝐼 and 𝛿/𝐷 are considered in the study. As a result of the 
parametric study, the critical fault displacements under varying relative soil-pipe stiffness 
(𝑘𝐷4/𝐸𝐼) for Case 1 and Case 2 are proposed. The effects of pipe end conditions on the pipeline 
response to strike-slip faulting are also investigated. 
Key conclusions made in this chapter are as follows: 
• The end connectors used in the experiments have an inadequate stiffness (k=6.786 
N/mm) considering the target stiffness (k=75 N/mm). Consequently, the peak axial 
strains measured in the experiments are smaller than those predicted by the analytical 
method.  
• The route of pipelines needs to be chosen in such a way that pipelines will be under 
tension and bending due to fault movement.  Buried pipelines show better performance 
in terms of (𝛿/𝐷)𝑐𝑟 when they are subjected to tension and bending forces. For instance, 
the value of (𝛿/𝐷)𝑐𝑟 for D/t=60 is 3.25 under combined tension and bending forces 
(Case I) while that value for the same D/t ratio is 0.76 under combined compression and 
bending forces (Case II). 
• Increasing the pipe wall thickness is a promising option to increase pipeline 
performance (𝛿/𝐷)𝑐𝑟 for buried pipelines crossing active faults for both Case I and 
Case II.   
7-37 
 
• Pipelines crossing active faults should be buried at shallow depths to increase pipeline 
performance under faulting. 
• Pipelines should not be buried in stiff soils like rocks and stiff clay at fault crossings. 
As seen in Figures 7.24 and 7.25, pipeline performance reduces with the increase in 
relative soil-pipe stiffness. Therefore, it is suggested that pipelines should be buried in 
softer soils at fault crossings. 
• Fixed end conditions like anchor/thrust blocks or pump stations need to be avoided at 
fault crossing as fixed end conditions impose large axial strains on buried pipelines. 
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8. Conclusions and Future Work 
8.1. Introduction 
Lifeline structures such as pipelines should remain operational even after an earthquake event 
so as not to disrupt industries, services and the economy. Therefore, the earthquake-resistant 
design of buried continuous pipelines is one of the significant aspects of geotechnical and 
structural engineering. The latest earthquakes highlighted the vulnerability of buried pipelines 
to Permanent Ground Deformations (PGDs) caused by earthquakes. Recent pipeline failure 
shows the shortcoming of proposed design guidelines. In view of this, experimental and 
numerical studies have been carried out to have a better understanding of the behavior of buried 
continuous pipelines crossing strike-slip faults. A new experimental setup to model buried 
continuous pipelines crossing strike-slip faults have been developed and an innovative end 
connector has been proposed to realistically simulate pipe end boundary conditions in 
8 
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experimental modeling. The performance of the proposed end connector has been assessed via 
physical model tests and numerical analysis. A new seismic mitigation technique – tyre derived 
aggregate (TDA) + sand mixture surrounding pipelines – has been proposed and its 
performance assessed through physical model tests. Furthermore, a Three Dimensional Finite 
Element (3D FE) model to simulate buried pipelines crossing strike-slip faults has been 
developed and it is validated through analytical methods, case study, and experimental study. 
The calibrated 3D FE model has been used to obtain a better understanding of pipeline response 
to strike-slip faulting under various scenarios. 
This chapter continues with the research conclusions, recommendations for application and 
suggestions for future research.   
8.2. Research conclusions 
The main conclusions of the present work are summarised as follows: 
• The performance of the newly developed experiment model of buried continuous 
pipelines crossing strike-slip faults 
The behavior of buried continuous pipelines crossing strike-slip faults observed in the model 
tests is similar to the behavior of full-scale pipelines observed in real earthquakes. 
Symmetric/Asymmetric (depending on the soil homogeneity at each side of the fault) double 
curvature bending with concave and convex shape occurs along the pipelines due to strike-slip 
faulting. Maximum axial pipe strains occur at the vicinity of fault trace and it decreases along 
the pipeline. These observations are consistent with the earlier experimental studies and case 
studies. In the light of the experimental study, it can be deduced that the newly developed 
experiment setup of buried pipelines crossing strike-slip faults is a reliable tool to capture the 
behavior of buried continuous pipelines crossing strike-slip faults and to investigate the physics 
behind the soil-pipe interaction problem under faulting. 
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• The performance of the proposed novel end connectors 
Findings from the model tests: 
It is essential to realistically model the end boundary conditions of pipelines in physical 
modeling to obtain a reliable estimation of pipe strains. If the boundary conditions are 
inadequately modeled, unwanted axial pipe strains develop. In light of the model tests, it is 
observed that fixed end conditions exhibit much larger axial strain compared to free end 
conditions. The error in axial strains disproportionately increases with increasing fault 
displacements. The values of measured maximum axial pipe strains for the proposed end 
connector conditions are closer to the theoretically expected values relative to the fixed and 
free end conditions.  On the other hand, the end connector makes little difference in axial 
pipe strains compared to the free end condition as the stiffness of the end connector used in 
the experiments is inadequate. The stiffness of the end connector (6.786 N/mm) is much 
smaller than the target stiffness (75 N/mm). Therefore, the difference between the peak 
axial strains in the pipe for the case of the pipe with the end connector and for the case of 
the pipe with the free end conditions is small.  
Findings from the Numerical Analysis: 
The parametric study by carrying out 3D FE analysis shows that accurate modeling of pipe 
end conditions can be made by selecting different dimensions and materials for the proposed 
end connectors. The technique can be used to develop different dimensions of end 
connectors with different materials which can be easily manufactured based on the required 
stiffness of the equivalent end springs for the experiments under consideration. 
Furthermore, 3D FE analysis shows that axial strains within the proposed end connectors 
are much larger than bending strains within them, confirming that the proposed end 
connectors behave like an equivalent end springs. As a result of the numerical study, it is 
8-4 
 
observed that an end connector with 4000 kN/m2 of Young’s Modulus, 100 mm length and 
10 mm wall thickness provides closer peak axial strains to those obtained by the analytical 
method.  
In the light of the experimental and numerical study, it is concluded that the proposed end 
connector is capable of simulating pipe end conditions more realistically compared to rigid, 
semi-rigid, pin and free end conditions. Fixed end conditions impose large axial strains on 
buried pipelines and this leads to an overestimation of pipe strains and critical fault offsets that 
initiate local buckling or tensile failure modes. Placing equivalent end boundary springs at the 
pipe ends realistically simulate pipe end boundaries and provide a better estimation of pipe 
strains under faulting. The end connector used in the experiments has an inadequate stiffness 
compared to the target stiffness. The proposed end connectors are scalable so that the required 
stiffness of equivalent boundary springs can be easily obtained by creating different dimensions 
of end connectors with various materials. 
• The performance of the proposed seismic mitigation technique 
Axial pipe strains decrease with the increase in the percentage of TDA. Also, trench shape is a 
significant factor influencing pipe axial strains. The minimum peak axial strains develop for 
the pipeline surrounded by 100% TDA in the triangular trench shape. Another parameter 
influencing axial pipe strains is the lateral trench dimensions. In the case of strike-slip faulting, 
increasing lateral trench dimensions decreases pipe axial strains.   
The mitigation performance of the TDA trench in terms of peak bending strains decreases under 
increasing fault displacements. As the number of sand particles penetrating into TDA trench 
increases with increasing fault displacements, the mitigation performance of the TDA trench in 
terms of pipe bending strains is reduced. It is also observed that enlarging the trench and using 
the trench slope increase the pipeline performance in terms of both bending and axial strains.   
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In the light of the model tests, it is concluded that the proposed mitigation technique –using 
TDA as backfill material at the vicinity of fault crossings- is an effective way of protection that 
reduces peak bending and axial strains within the pipelines. The increase in pipeline 
performance in terms of peak bending strains is much smaller than the performance increase in 
peak axial strains. Therefore, this seismic mitigation technique is considered as a friction 
reduction technique. Other techniques such as flexible joints method can be used to increase 
pipeline performance in terms of peak bending strains. Soil penetration into the TDA trench 
leads to a reduction in the pipeline performance, increasing both the peak bending and axial 
strains in the pipeline. Therefore, the TDA trench needs to be wrapped with a cover such as 
geotextiles that prevent the soil from migrating into the TDA trench. This measure is expected 
to increase pipeline performance compared to that without covering the TDA trench.       
•  The effect of derived non-dimensional groups on the behavior of pipelines crossing 
strike-slip faults 
Findings from the model tests: 
Peak axial and bending strains increase with the increase in the H/D ratio. It is concluded 
that pipelines crossing active faults should be buried at shallow depths. Peak bending strains 
are slightly influenced by fault crossing angles while peak axial strains are significantly 
influenced by fault crossing angles. Buried pipelines crossing strike-slip faults with a fault 
crossing angle of β=90° experience much smaller peak axial strains compared to those 
crossing strike-slip faults with a fault crossing angle of β<90°. Therefore, buried pipelines 
crossing faults with an angle of 90° is considered as the most preferable case. Buried 
pipelines subjected to compression and bending due to faulting experience much larger 
bending and axial strains compared to those subjected to tension and bending due to the 
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occurrence of local buckling. Therefore, it is concluded that the route of buried pipelines 
should be chosen in such a way that they are subjected to tension and bending forces. 
Decreasing the D/t ratio of pipelines increases the pipeline performance at fault crossings. 
Consequently, thicker pipelines are suggested to be used at fault crossings. The increase in 
relative soil-pipe stiffness (kD4/EI) increases peak bending and axial strains. Therefore, 
pipelines should be buried at shallow depths and in soft soils such as loose sand or soft clay 
at fault crossings to reduce peak bending and axial strains. 
Findings from the Numerical Analysis: 
When buried steel pipelines are under bending and tension, critical normalized fault 
displacements, which are specified considering 2% tensile failure criteria, decrease with the 
increase in the ratio of burial depth to pipe diameter (H/D), and the ratio of the pipe diameter 
to wall thickness (D/t). The increase in normalized pipe internal pressure (p/σy) leads to a 
slight decrease in the critical normalized fault displacements (δ/D)cr.  
When buried steel pipelines are under bending and compression, critical normalized fault 
displacements, which are specified considering local buckling failure criteria, decrease with 
the increase in the ratio of burial depth to pipe diameter (H/D), and the ratio of the pipe 
diameter to wall thickness (D/t). The increase in normalized pipe pressure (p/σy) has a 
negative effect on pipeline performance in terms of critical normalized fault displacements. 
Thicker pipelines (D/t=60) are slightly influenced by increasing pipe internal pressure 
(𝑝/𝜎𝑦) compared to thinner pipelines (D/t=120). The decrease in pipeline performance in 
terms of (𝛿/𝐷)𝑐𝑟 is very small with the increase in (𝑝/𝜎𝑦) for both thicker and thinner 
pipelines.   
It can be concluded that burying pipelines at shallow depths and using thicker pipelines at 
fault crossings improve the performance of pipelines crossing active faults. The values of 
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critical normalized fault displacement (𝛿/𝐷)𝑐𝑟 logarithmically decrease with the increase 
in relative soil-pipe stiffness (kD4/EI) for both pipelines under tension + bending and 
pipelines under compression + bending. Therefore, it can be suggested that pipelines should 
be buried in softer backfills at fault crossings in order to increase pipeline performance in 
terms of critical normalized fault displacements. 
• The effect of pipe end boundary conditions on the behavior of buried continuous 
pipelines crossing strike-slip faults 
Findings from the model tests: 
Buried continuous pipelines with fixed-fixed end boundary conditions experience larger 
axial strains than buried continuous pipelines with end connector-end connector conditions 
or free-free end conditions.  
Findings from the Numerical Analysis: 
Case 1 (Pipelines under bending and tension): Buried continuous pipeline experience 
necking form of failure at even small normalized fault displacements (at around δ=0.5D) 
when fixed-fixed end conditions are used at the pipe ends. When equivalent boundary 
spring-equivalent boundary spring end conditions are used at the pipe ends, the necking 
form of failure starts to develop at relatively larger normalized fault displacement 
(δ=3.10D) compared to the fixed-fixed end conditions. 
The maximum tensile strain within the pipeline experiences exponential growth with the 
increase in normalized fault displacements when fixed-fixed end conditions are employed 
in the model. In contrast to the fixed-fixed end conditions, the maximum tensile strain 
logarithmically increases with the increase in normalized fault displacement until the 
pipeline starts necking. After initiation of necking, the maximum tensile strain experiences 
exponential growth.  
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Case 2 (Pipelines under bending and compression): The local buckling failure starts to 
develop at δ=0.25D for the fixed-fixed end condition, δ=0.5D for the end boundary spring-
end boundary spring condition, and δ=1.0D for the free-free end condition. After initiation 
of the local buckling, the maximum compressive strain experiences a logarithmic growth in 
all cases. 
In the light of the experimental and numerical study, it can be concluded that pipe end 
conditions significantly influence the behavior of buried continuous pipelines crossing strike-
slip faults. Using fixed-fixed end conditions provides very conservative results in terms of 
critical fault displacements considering strain-based performance criteria. However, using free-
free end conditions leads to an underestimation of longitudinal strains, consequently, the critical 
fault displacement is over-predicted. The failure mechanism of pipelines and critical fault 
displacements are realistically predicted by employing equivalent boundary end springs at pipe 
ends. Furthermore, axial/bending constraints such as anchor/thrust block, pump station or bents 
should be avoided at the vicinity of fault crossings to reduce axial and bending strains and to 
increase the performance of buried pipelines crossing active faults.         
• Three Dimensional Finite Element (3D FE) modeling of buried continuous 
pipelines crossing active faults  
The numerical models developed by using ABAQUS/Explicit are validated through analytical 
methods, a case study, and an experimental study. The results prove that the developed 3D FE 
models are capable of capturing the response of buried continuous pipelines to strike-slip 
faulting. The energy balance concept is key to analyze quasi-static problems by using 
ABAQUS/Explicit. Numerical difficulties associated with the behaviour of purely frictional 
soil (cohesionless soils such as sands) at very small confining pressures develop in 
ABAQUS/Standard module such as in the case of a gap opening at the soil-pipe interface. These 
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numerical difficulties did not occur in the ABAQUS/Explicit module when modelling 
cohesionless soils.    
In the light of the numerical study, it is deduced that the explicit solution technique can be 
considered as a reliable tool to effectively simulate quasi-static loading problems such as 
pipelines crossing active faults. Particularly for cohesionless soils, ABAQUS/Explicit module 
is very powerful to deal with complicated contact problems under large deformations.  
• Other conclusions from the model tests 
The analytical model based on the Winkler approach predicted reasonably well the peak 
bending strains obtained from the scaled model tests. The behavioral trends of peak axial strains 
are similar in analytical and model tests but the divergence (i.e. difference) increases with the 
increase in fault displacement. This is attributed to the simulation of pipe end conditions in the 
model tests. In this context, it is important to state that the proposed end-connector can help to 
alleviate the problem. 
The proposed non-dimensional groups can capture the behavior of interest in the pipeline 
problem. It is concluded that scaled model tests be used to study the physics of the problem (i.e. 
global behavior of buried continuous pipelines) and the values of strains obtained should not be 
scaled by scaling factors to predict the prototype values. 
8.3. Recommendations 
Engineering recommendations based directly on the results and trends observed in model tests 
and numerical analysis: 
1. Model tests on soil-pipe interaction should be used more often to simulate and 
investigate the effects of seismic faulting on buried pipelines. Furthermore, model tests 
can be used to validate analytical and numerical models. 
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2. The proposed end connectors can be used in experimental modeling to realistically 
simulate pipe end conditions. 
3. Fixed end conditions can simulate anchor/thrust block or pump station at pipe ends. 
Axial strains with fixed end conditions are much larger than those values with free ends 
and end connectors. It is suggested that placing an anchor/thrust block or pump station 
needs to be avoided at the vicinity of fault trace. 
4. Continuous pipelines need to be buried at shallow trenches in the vicinity of fault 
crossings. The case of buried continuous pipelines subjected to bending and 
compression needs to be avoided. The case of pipelines under bending and tension is 
most preferable. In the case of bending and compression, the slenderness ratio of 
pipelines (D/t) should be decreased to increase the performance of pipelines in terms of 
critical fault displacements. Continuous pipelines should not be placed in stiff soils like 
stiff clay and rocks at fault crossings.     
5. Using tyre derived aggregate (TDA) as a backfill soil at the vicinity of fault crossings 
can be considered as an effective way of protection that reduces both peak bending and 
axial strains within the pipelines. Wrapping the TDA trench with a cover such as 
geotextiles can increase the mitigation performance of the TDA trench as the cover 
prevents soil particles from migrating into the TDA trench.  
6. The methodology of 3D FE models developed in this study can be used for further 
parametric studies and the design of buried pipelines crossing active faults since they 
are validated through analytical methods, a case study, and an experiment.   
8.4. Suggestions for further research 
In what follows, suggestions for future research are listed. 
1. The proposed end connectors are used for buried continuous pipelines under tension and 
mainly bending (buried pipelines cross perpendicular to strike-slip fault trace). The 
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design of the end connectors is made by considering that end connectors are under pure 
tension. The end connectors may also be used for buried pipelines under compression 
and bending (e.g. buried pipelines crossing reverse faults). However, different design 
criteria need to be taken into consideration. The proposed end connector in this study 
may not be appropriate for buried pipelines under compression due to the buckling issue 
of the end connector wall. For buried pipelines crossing reverse faults, thicker (e.g. t>10 
mm) and shorter (L<100 mm) end connectors need to be designed and constructed in 
order to avoid buckling of the material of end connectors. Furthermore, the different 
geometrical shapes of end connectors can be selected to prevent the material of end 
connectors from buckling. 
2. Stiffer end connectors (stiffer than those used in the model tests) need to be used in the 
model tests to obtain closer peak axial strain results to the theoretically expected values. 
Model tests with various end connectors with various stiffness need to be carried out to 
check whether the statement is right or not.  
3. The performance of the proposed mitigation technique – TDA + sand mixture 
surrounding pipelines- are assessed through four different model tests: a) 100% of TDA 
in volume in square trench, b) 100% of TDA in volume in rectangular trench, c) 100% 
of TDA in volume in triangle shape, and d) 50% of TDA in volume in triangle shape. 
The effects of TDA content, trench shapes and dimensions on the pipeline response to 
strike-slip faulting are investigated. A numerical parametric study needs to be 
performed in order to develop a design chart considering various TDA contents, trench 
shapes and dimensions. Consequently, optimum values for TDA content, the inclination 
of the trench wall, and trench dimensions can be specified. 
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4. The interaction between the TDA and surrounding soil or groundwater needs to be 
investigated. Leaching tests of the TDA need to be performed to investigate the 
environmental effects of TDA on groundwater and the surrounding soil.  
5. In case of an explosion within the pipelines (e.g. fuel oil and gas pipelines), tyre-chips 
surrounding buried pipelines might burn. Therefore, inflammableness of the TDA needs 
to be checked through appropriate experiments. The risk of burning of the TDA needs 
to be assessed.  
6. The temperature variation effect on pipeline response needs to be taken into account in 
the numerical models. Radial and axial pipe expansion due to temperature change may 
affect soil-pipe interaction. 
7. Soil behaviour in Finite Element models is simulated by using the Mohr-Coulomb 
model (elastoplastic constitutive model). However, soil softening behaviour after failure 
cannot be modeled by this constitutive model. Soil behaviour after failure plays a 
significant role in problems related to shear-band formation. For future study, a 
subroutine in ABAQUS can be created to obtain an elastoplastic constitutive model with 
Mohr-Coulomb failure criterion, in combination with strain-softening behaviour.  
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A-1 
 
Appendix A. Example of axially and laterally loaded pile 
In this section, the governing non-dimensional groups for axially and laterally loaded piles are 
obtained considering the procedure presented by Heelis et al. (2004). A general friction/end 
bearing pile with a total length of 𝐿 in a non-homogeneous elastic Winkler foundation is 
considered in this example. Taking the element of 𝑑𝑥 of the pile in Figure A-1, Equation A-1 
can be concluded from moment equilibrium. 
 
Figure A-1. The schematic sketch of an axially loaded pile and body diagram of pile section 
in a blue circle showing forces acting on the pile segment (Modified from Heelis et al., 2004)    
𝑑𝑀(𝑥)
𝑑𝑥
+ 𝑃(𝑥)
𝑑𝑦
𝑑𝑥
− 𝑄(𝑥) = 0                                                 (𝐴 − 1) 
where 𝑀(𝑥), 𝑃(𝑥), and 𝑄(𝑥) are the bending moment, the axial force and the shear force 
along the embedded pile which are dependent on the distance along the pile. These section 
forces can be written as: 
A-2 
 
𝑀(𝑥) = 𝐸𝐼
𝑑2𝑦
𝑑𝑥2
                                                               (𝐴 − 2) 
𝑃(𝑥) = 𝑃𝑥 = 𝑃0 − ∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
                                                (𝐴 − 3) 
𝑑𝑄(𝑥)
𝑑𝑥
= −𝑘(𝑥) ∙ 𝑦                                                 (𝐴 − 4) 
where 𝐸𝐼 is bending stiffness of the pile, 𝑃0 is external axial compression force applied at 𝑥 =
0, 𝑓(𝑥) is friction per unit length of the pile, 𝑘(𝑥) is the modulus of subgrade reaction. 
The friction between pile surface and the soil, 𝑓(𝑥), is defined using 𝑓1 and 𝑓2 parameters as 
in Equation A-5 and it is assumed that the sum of these parameters are equal to 1 (Equation A-
6). 
𝑓(𝑥) =
2𝑃0(1 − 𝜇)
𝐿
[𝑓1 + (𝑓2 − 𝑓1)
𝑥
𝐿
]                                  (𝐴 − 5) 
𝑓1 + 𝑓2 = 1 (𝑎𝑠𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)                                        (𝐴 − 6) 
where 𝑓1 and  𝑓2 are defined at the top and the bottom of the pile respectively. 
For example, when there is uniform friction along the pile shaft, 𝑓1=𝑓2=0.5. 
The ratio of the applied load supported by end bearing at the base of the embedded pile (𝜇) can 
be expressed as in Equation A-7. 
𝜇 =
𝑃0 − 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑃0
                                                   (𝐴 − 7) 
where, 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  is the load supported by shaft friction. When 𝜇 = 1, solely end bearing, 𝜇 =
0, purely pile skin frictional resistance. 
The governing equation of the pile-soil system can be reproduced as in Equation A-8. 
  
𝐸𝐼
𝑑4𝑦
𝑑𝑥4
+ [𝑃0 − ∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝑑2𝑦
𝑑𝑥2
− 𝑓(𝑥)
𝑑𝑦
𝑑𝑥
+ (𝑘1 + 𝑛ℎ𝑥) ∙ 𝑦 = 0            (𝐴 − 8) 
Let us introduce non-dimensional coordinate 𝜉 as in Equation A-9 and A-10.   
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𝑥 =
𝜉
𝛼
+ 𝐿                                                                (𝐴 − 9) 
𝜉 = (
𝑘1 + 𝑛ℎ𝐿
𝐸𝐼
)
0.25
(𝑥 − 𝐿) = 𝛼(𝑥 − 𝐿)                              (𝐴 − 10) 
where 𝑘1 is soil stiffness at pile head (𝑥 = 0), 𝑛ℎis the increase rate of stiffness with depth. 
 
Then, generally, Equation A-11 as follow: 
𝑑𝑛𝑦
𝑑𝑥𝑛
= 𝛼𝑛
𝑑𝑛𝑦
𝑑𝜉𝑛
                                                               (𝐴 − 11) 
The following equations (A-12 and A-13) can be formed from Equation A-8.  
𝐸𝐼𝛼4
𝑑4𝑦
𝑑𝜉4
+ [𝑃0 − ∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝑑2𝑦
𝑑𝜉2
𝛼2 − 𝑓(𝑥)
𝑑𝑦
𝑑𝜉
𝛼 + (𝑘1 + 𝑛ℎ (
𝜉
𝛼
+ 𝐿)) ∙ 𝑦
= 0                                                                                                                       (𝐴 − 12) 
𝑑4𝑦
𝑑𝜉4
+
[𝑃0 − ∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝑑2𝑦
𝑑𝜉2
𝛼2 ∙ 𝐸𝐼
−
𝑓(𝑥)
𝑑𝑦
𝑑𝜉
𝛼3 ∙ 𝐸𝐼
+
(𝑘1 + 𝑛ℎ (
𝜉
𝛼 + 𝐿))
𝛼4 ∙ 𝐸𝐼
∙ 𝑦 = 0            (𝐴 − 13) 
Expressions for the 𝑓(𝑥) terms in the above equation in terms of 𝜉 are required. They are as 
follows: 
∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
= ∫ 𝜒
𝑥
𝑥=0
[𝑓1 + (𝑓2 − 𝑓1)
𝑥
𝐿
] 𝑑𝑥                           (𝐴 − 14) 
 = 𝑃0(1 − 𝜇)(𝑓2 − 𝑓1) (
𝜉2
𝛼2𝐿2
) + 2𝑃0(1 − 𝜇)𝑓2
𝜉
𝐿𝛼
+ 𝑃0(1 − 𝜇)             (𝐴 − 15) 
and 
𝑓(𝑥) =
2𝑃0(1 − 𝜇)
𝐿
[𝑓1 + (𝑓2 − 𝑓1) (
𝜉
𝐿𝛼
+ 1)]                    (𝐴 − 16) 
Observe that  
[𝑃0 − ∫ 𝑓(𝑥)𝑑𝑥
𝑥
𝑥=0
]
𝛼2 ∙ 𝐸𝐼
    =   
𝑃0
𝛼2 ∙ 𝐸𝐼
− 𝑉𝜉2 − 2𝑊𝜉 −
𝑃0(1 − 𝜇)
𝛼2 ∙ 𝐸𝐼
       
=   𝜇𝛽 − 𝑉𝜉2 − 2𝑊𝜉                                   (𝐴 − 17) 
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where 
𝑉 =
(1 − 𝜇)(𝑓2 − 𝑓1)𝑃0
𝛼4𝐸𝐼𝐿2
=
(1 − 𝜇)(𝑓2 − 𝑓1)𝛽
𝜆
                      (𝐴 − 18) 
and 
𝑊 =
(1 − 𝜇)𝑓2𝑃0
𝛼3𝐸𝐼𝐿
 =
(1 − 𝜇)𝑓2𝛽
𝜆0.5
                                      (𝐴 − 19)  
where   
𝛽 =
𝑃0
𝛼2𝐸𝐼
 𝑎𝑛𝑑 𝜆 = √
𝑘2𝐿4
𝐸𝐼
                                           (𝐴 − 20) 
Further note that, 
𝑓(𝑥)
𝛼3𝐸𝐼
= 2𝑊 + 2𝑉𝜉                                                (𝐴 − 21)  
And finally,  
(𝑘1 + 𝑛ℎ (
𝜉
𝛼 + 𝐿))
𝛼4 ∙ 𝐸𝐼
= 1 + 𝛾𝜉                            (𝐴 − 22) 
where  
  𝛾 =
𝑛ℎ
𝛼𝑘2
                                                         (𝐴 − 23) 
The following non-dimensional governing equation can now be formed from Equation A-13 
as: 
 
𝑑4𝑦
𝑑𝜉4
+ (𝜇𝛽 − 2𝑊𝜉 − 𝑉𝜉2)
𝑑2𝑦
𝑑𝜉2
+ (2𝑊 + 2𝑉𝜉)
𝑑𝑦
𝑑𝜉
+ (1 + 𝛾𝜉) ∙ 𝑦 = 0            (𝐴 − 24) 
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Appendix B. Obtaining non-dimensional groups using conventional 
Buckingham-π theorem 
We expect strains within pipes crossing active faults to be dependent on: (1) geometric 
properties such as pipe diameter (𝐷), pipe wall thickness (𝑡) and pipe burial depth (𝐻), (2) 
pipe properties such as pipe bending stiffness (𝐸𝑝𝐼𝑝), internal pipe pressure (𝑝) and pipe 
material yield stress (𝜎𝑦), (3) fault characteristics such as fault displacement (𝛿) and fault 
crossing angle (𝛽), and (4) soil stiffness (𝑘). Soil stiffness (𝑘) will be expected to be 
proportional to the shear modulus (𝐺) of the soil (𝑘 = 𝜔 × 𝐺): 
𝜀 = 𝑓(𝐷, 𝑡, 𝐸𝑝𝐼𝑝, 𝑘, 𝛿, 𝐻, 𝑝, 𝜎𝑦, 𝛽)                                           (𝐵 − 1) 
Dimensions of the variables are defined as follows: 
Pipe strain (𝜀) = [𝑀]0[𝐿]0[𝑇]0, pipe diameter (𝐷) = [𝐿]1, pipe wall thickness (𝑡) = [𝐿]1, pipe 
bending stiffness  (𝐸𝑝𝐼𝑝) = [𝑀]
1[𝐿]3[𝑇]−2, soil stiffness (𝑘) =  [𝑀]1[𝐿]−1[𝑇]−2, fault 
displacement (𝛿) = [𝐿]1, pipe burial depth (𝐻) = [𝐿]1, pipe pressure (𝑝) = [𝑀]1[𝐿]−1[𝑇]−2, 
the yield stress of the pipe material (𝜎𝑦) =  [𝑀]
1[𝐿]−1[𝑇]−2, fault crossing angle (𝛽) =
[𝑀]0[𝐿]0[𝑇]0. 
𝜋 terms of the problem can be written as follows: 
𝝅𝟏 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝜀, 𝝅𝟐 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝑡, 𝝅𝟑 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝐸𝑝𝐼𝑝, 𝝅𝟒 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙
 𝛿, 𝝅𝟓 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝐻, 𝝅𝟔 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝑝, 𝝅𝟕 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝛽 
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Dimensional analysis: 
𝝅𝟏 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝜀𝑑                                                                                                                 (𝐵 − 2) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝑀]0[𝐿]0[𝑇]0)𝑑 
𝐿 → 𝑎 − 𝑏 − 𝑐 = 0, 𝑀 → 𝑏 + 𝑐 = 0, 𝑇 → −2𝑏 − 2𝑐 = 0 
𝑎 = 0, 𝑏 = +1, 𝑐 = −1 
𝛼1 = (
𝑘
𝜎𝑦
) 
𝝅𝟐 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝑡𝑑                                                                                                                  (𝐵 − 3) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝐿]1)𝑑 
𝐿 → 𝑎 − 𝑏 − 𝑐 + 𝑑 = 0, 𝑀 → 𝑏 + 𝑐 = 0, 𝑇 → −2𝑏 − 2𝑐 = 0 
𝑎 = +1, 𝑏 = +1, 𝑐 = −1, 𝑑 = −1 
𝛼1 = (
𝑘
𝜎𝑦
) ,   𝛼2 = (
𝐷
𝑡
) 
𝝅𝟑 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙ 𝐸𝑝𝐼𝑝
𝑑                                                                                                            (𝐵 − 4) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑑 
𝐿 → 𝑎 − 𝑏 − 𝑐 + 3𝑑 = 0, 𝑀 → 𝑏 + 𝑐 + 𝑑 = 0, 𝑇 → −2𝑏 − 2𝑐 − 2𝑑 = 0 
𝑎 = +4, 𝑏 = +1, 𝑐 = 0, 𝑑 = −1 
𝛼1 = (
𝑘𝐷4
𝐸𝑝𝐼𝑝
) 
𝑜𝑟  𝑎 = +4, 𝑏 = 0, 𝑐 = +1, 𝑑 = −1 
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𝛼1 = (
𝜎𝑦𝐷
4
𝐸𝑝𝐼𝑝
) 
𝝅𝟒 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝛿                                                                                                                  (𝐵 − 5) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝐿]1)𝑑 
𝐿 → 𝑎 − 𝑏 − 𝑐 + 𝑑 = 0, 𝑀 → 𝑏 + 𝑐 = 0, 𝑇 → −2𝑏 − 2𝑐 = 0 
𝑎 = −1, 𝑏 = +1, 𝑐 = −1, 𝑑 = +1 
𝛼1 = (
𝑘
𝜎𝑦
) ,   𝛼2 = (
𝛿
𝐷
) 
𝝅𝟓 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝐻𝑑                                                                                                                (𝐵 − 6) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝐿]1)𝑑 
𝐿 → 𝑎 − 𝑏 − 𝑐 + 𝑑 = 0, 𝑀 → 𝑏 + 𝑐 = 0, 𝑇 → −2𝑏 − 2𝑐 = 0 
𝑎 = −1, 𝑏 = +1, 𝑐 = −1, 𝑑 = +1 
𝛼1 = (
𝑘
𝜎𝑦
) ,   𝛼2 = (
𝐻
𝐷
) 
𝝅𝟔 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝑝𝑑                                                                                                                 (𝐵 − 7) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑑  
𝐿 → 𝑎 − 𝑏 − 𝑐 − 𝑑 = 0, 𝑀 → 𝑏 + 𝑐 + 𝑑 = 0, 𝑇 → −2𝑏 − 2𝑐 − 2𝑑 = 0 
𝑎 = 0, 𝑏 = 0, 𝑐 = −1, 𝑑 = +1 
𝛼1 = (
𝑝
𝜎𝑦
) 
𝑜𝑟  𝑎 = 0, 𝑏 = +1, 𝑐 = −1, 𝑑 = 0 
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𝛼1 = (
𝑘
𝜎𝑦
) 
𝝅𝟕 = 𝐷
𝑎 ∙ 𝑘𝑏 ∙ 𝜎𝑦
𝑐 ∙  𝛽𝑑                                                                                                                 (𝐵 − 8) 
[𝑀]0[𝐿]0[𝑇]0 = ([𝐿]1)𝑎 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑏 ∙ ([𝑀]1[𝐿]−1[𝑇]−2)𝑐 ∙ ([𝑀]0[𝐿]0[𝑇]0)𝑑 
𝐿 → 𝑎 − 𝑏 − 𝑐 = 0, 𝑀 → 𝑏 + 𝑐 = 0, 𝑇 → −2𝑏 − 2𝑐 = 0 
𝑎 = 0, 𝑏 = +1, 𝑐 = −1 
𝛼1 = (
𝑘
𝜎𝑦
) ,  𝛼2 = (𝛽) 
Summary of non-dimensional groups obtained from Buckingham- theorem 
Non-dimensional groups obtained from dimensional analysis can be summarised as follows: 
𝛼1 = (
𝑫
𝒕
) , 𝛼2 = (
𝒌𝑫𝟒
𝑬𝒑𝑰𝒑
) , 𝛼3 = (
𝜹
𝑫
) , 𝛼4 = (
𝑯
𝑫
) , 𝛼5 = (
𝒑
𝝈𝒚
) , 𝛼6 = (𝜷) 
𝝐 = 𝑓 (
𝑫
𝒕
,
𝜹
𝑫
,
𝑯
𝑫
,
𝒑
𝝈𝒚
, 𝜷,
𝒌𝑫𝟒
𝑬𝒑𝑰𝒑
 ) 
C-1 
 
Appendix C. Pipeline Failure Case Studies relevant to fault crossing 
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Appendix D: Estimation of maximum tensile and compressive pipe strains under 
strike-slip faulting 
Figure D1 shows the deflection of a buried continuous pipelines crossing strike-slip faults 
under a given fault displacement (d). The calculation of maximum tensile and compressive 
strains within the pipe by using the analytical method proposed by Sarvanis and Karamanos 
(2017) is explained in detail (Equations from  D-1 to D-9).  
 
Figure D1. A schematic illustration showing the deflection of a buried continuous pipelines 
under strike-slip faults 
By using Equation D-1, the curved lengths (𝐿1 and 𝐿2) at either side of the fault can be 
calculated.  
𝐿1 =
1
𝐿2
√
24 × 𝑑 × 𝐸 × 𝐼
𝑞𝑢1 + 𝑞𝑢2
                                                   (𝐷 − 1) 
where 𝑑 is fault displacement, 𝐸 is the Young’s Modulus of the pipe material, 𝐼 is the second 
moment of inertia of the pipe section,  𝑞𝑢1 and 𝑞𝑢2 are the ultimate lateral soil reactions at 
either side of the fault.  
For the case of strike-slip faults, symmetrical deflection (𝐿1 = 𝐿2) about the fault plane 
develops since 𝑞𝑢1 and 𝑞𝑢2 are equal to each other (𝑞𝑢1 = 𝑞𝑢2). The inflection point is located 
x 
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at the fault plane which is in the middle of the pipe segment (𝐿𝑖 = 0). These assumptions are 
valid if the continuous pipelines are buried in a homogeneous soil.   
The total curved length (𝐿) can be calculated by using Equation D-2. 
𝐿 = 𝐿1 + 𝐿2                                                           (𝐷 − 2) 
Bending strain (𝜀𝑏) within the pipe can be calculated by using Equation D-3. 
𝜀𝑏 =
{
 
 
 
 𝜋
2𝐷
8 × (𝐿1 + 𝐿𝑖)
× 𝑑′ × 𝑐𝑜𝑠𝛽, 0 ≤ 𝑥 ≤ 𝐿1 + 𝐿𝑖
𝜋2𝐷
8 × (𝐿2 + 𝐿𝑖)
× 𝑑′ × 𝑐𝑜𝑠𝛽,         𝐿1 + 𝐿𝑖 ≤ 𝑥 ≤ 𝐿
                (𝐷 − 3) 
where 𝐷 is the pipe diameter, 𝛽 is the fault crossing angle and 𝑑′ = 𝑑/𝐿. 
Membrane strain (𝜀𝑚) within the pipe can be calculated by using Equation D-4. 
𝜀𝑚 = (
(32 + 𝜋2) × 𝑑2 × 𝑐𝑜𝑠2𝛽
64 × (𝐿1 + 𝐿2)2
+
𝑑 × 𝑠𝑖𝑛𝛽
(𝐿1 + 𝐿2)
) × (
𝑤
𝑤 + 1
)              (𝐷 − 4) 
𝑤 =
𝐾 × 𝐿
2 × 𝐸 × 𝐴
                                                   (𝐷 − 5) 
𝐾 = √𝐸 × 𝐴 × 𝑘𝑠                                                (𝐷 − 6) 
𝑘𝑠 =
𝑇𝑢
𝑥𝑦𝑖𝑒𝑙𝑑
                                                      (𝐷 − 7) 
where 𝑑 is fault displacement, 𝐴 is cross-section area of the pipe, 𝑘𝑠 is the stiffness of soil 
resistance per pipe unit length in the pipe axial direction, 𝑇𝑢 is the ultimate axial soil reaction 
and 𝑥𝑦𝑖𝑒𝑙𝑑  is the yield displacement of the soil. 
The maximum tensile and compressive strains are calculated by using Equation D-8 and 
Equation D-9.  
𝜀𝑇,𝑚𝑎𝑥 =  𝜀𝑏 + 𝜀𝑚                                                     (𝐷 − 8) 
𝜀𝐶,𝑚𝑎𝑥 =  𝜀𝑏 − 𝜀𝑚                                                      (𝐷 − 9) 
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An example: 
The parameters of DT-1 (ET-1) are used for this example. 
Table D-1. Parameters for DT-1 (ET-1)  
 
Pipe 
Diameter 
(D), mm 
Pipe wall 
thickness 
(t), mm 
Burial 
Depth 
(H), 
mm 
Fault 
Crossing 
Angle 
(β), ° 
Fault 
Disp. 
(mm) 
Young’s 
Modulus 
of HDPE 
pipe 
(MN/m2) 
  
1 50 3 250 0 300 750 
 
For H/D=5.0 and internal friction angle (φ) = 34°: 𝑞𝑢1 = 𝑞𝑢2 = 2291 𝑁/𝑚 𝑎𝑛𝑑 𝑇𝑢 =
178.1 𝑁/𝑚. 
𝐼 = 𝜋 ×
(𝐷4 − (𝐷 − 2 × 𝑡)4)
64
= 𝜋 ×
(0.054 − (0.05 − 2 × 0.003)4)
64
 
𝐼 = 1.228 × 10−7 𝑚4 
𝐴 = 𝜋 ×
(𝐷2 − (𝐷 − 2 × 𝑡)2)
4
= 𝜋 ×
(0.052 − (0.05 − 2 × 0.003)2)
4
 
𝐴 = 4.43 × 10−4 𝑚2 
For strike-slip case: 𝐿1 = 𝐿2 𝑎𝑛𝑑 𝑞𝑢1 = 𝑞𝑢2 
𝐿1 =
1
𝐿2
√
24 × 𝑑 × 𝐸 × 𝐼
𝑞𝑢1 + 𝑞𝑢2
 
(𝐿1)
2 = √
24 × 𝑑 × 𝐸 × 𝐼
2𝑞𝑢1
= √
24 × 0.3 × 750000000 × 1.228 × 10−7
2 × 2291
 
𝐿1 = 𝐿2 ≅ 0.62 𝑚 
𝐿 = 𝐿1 + 𝐿2 = 𝟏.𝟐𝟒 m 
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𝜀𝑏 =
𝜋2𝐷
8 × (𝐿1 + 𝐿𝑖)
× 𝑑′ × 𝑐𝑜𝑠𝛽 =
𝜋2 × 0.05
8 × (0.62 + 0)
×
0.3
1.24
× 𝑐𝑜𝑠0 
𝜀𝑏 = 0.0241 
𝑘𝑠 =
𝑇𝑢
𝑥𝑦𝑖𝑒𝑙𝑑
=
178.1
0.0025
= 71240 𝑁/𝑚2 
𝐾 = √𝐸 × 𝐴 × 𝑘𝑠 = √750000000 × 4.43 × 10−4 × 71240 
𝐾 = 153848.92 𝑁/𝑚 
𝑤 =
𝐾 × 𝐿
2 × 𝐸 × 𝐴
=
153848.92 × 1.24
2 × 750000000 × 4.43 × 10−4
 
𝑤 = 0.287 
𝜀𝑚 = (
(32 + 𝜋2) × 𝑑2 × 𝑐𝑜𝑠2𝛽
64 × (𝐿1 + 𝐿2)2
+
𝑑 × 𝑠𝑖𝑛𝛽
(𝐿1 + 𝐿2)
) × (
𝑤
𝑤 + 1
) 
𝜀𝑚 = (
(32 + 𝜋2) × 0.32 × 𝑐𝑜𝑠20
64 × (0.62 + 0.62)2
+
0.3 × 𝑠𝑖𝑛0
(0.62 + 0.62)
) × (
0.287
0.287+ 1
) 
𝜀𝑚 = 0.00854 
𝜀𝑇,𝑚𝑎𝑥 =  𝜀𝑏 + 𝜀𝑚 =  0.0241+ 0.00854 ≅ 𝟎. 𝟎𝟑𝟐𝟔 
𝜀𝐶,𝑚𝑎𝑥 =  𝜀𝑏 − 𝜀𝑚 = 0.0241 − 0.00854 ≅ 𝟎. 𝟎𝟏𝟓𝟔 
